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The major challenges of microgrid systems are driven by energy shortages and environmental 
concerns, which encourage energy storage systems be integrated into microgrids. With the 
implementation of energy storage systems, microgrids become more stable and more 
effective. This research propose to hybridize superconducting magnetic energy storage (SMES)  
with battery to build a hybrid energy storage system (HESS) for microgrid applications. The 
SMES-battery HESS is a good choice to compensate for the highly fluctuating power demand 
in microgrids and extent battery service lifetime. However, the SMES-battery HESS applied in 
microgrids is a newly proposed concept. Challenges remain on the HESS control method, 
system design, energy management method and HESS sizing optimisation. Therefore, the 
achievement of this PhD research project is the development of a SMES-battery HESS for 
microgrid applications. The accomplishments are list below:  
 The SMES magnet structure design has been completed in this thesis. The newly 
developed method is able to design the SMES with a requested energy capacity, which 
is vital for SMES-battery HESS applications. Moreover, the weak point area in the SMES 
magnet has been located. That can be used to prevent SMES quench.  
 To achieve a high power capacity in the SMES magnet in the HESS for microgrid 
applications, a feasibility study using Roebel cable to build the SMES magnet has been 
investigated.  
 A new fuzzy logic energy management method has been proposed to deal with the 
power unbalance inherent in microgrids. The proposed method is able to allocate the 
power output of the HESS for high fluctuating power demands.  
 A novel two-stage energy management method with PI-droop control is developed, 
which is able to improve the battery performance when a microgrid is disconnected 
from main grid.  
 The SMES-battery HESS experimental platform was built to test the proposed 
method’s achievability.  
By investigating a HESS for microgrid applications, a HESS topology and SMES structure design 





application has been established. The experimental results validate the HESS achievability. 
This prototype SMES-battery HESS is the first step towards the implementation of future 









Firstly, I would like to express my sincere and deepest gratitude to my supervisor Professor 
Weijia Yuan, for his guidance, encouragement and support throughout my research. He leads 
me to learn how to do the independent research. I want to thank Dr. Xiaoze Pei for her 
instructions with my paper and PhD thesis. Also, I would like to thank Dr. Min Zhang for her 
generous advice and support. 
 
I would like to thanks my colleagues in the applied superconductivity group in the department 
of electrical and electronic engineering. Happy memories have been shared with my 
colleagues at the University of Bath. I want to thank Dr. Huiming Zhang, Dr. Zhenyu Zhang, Dr. 
Fei Liang, Dr. Jianwei Li, Dr. Yawei Wang, Dr. Xiaojian Li, Hamoud Alafnan, Mariam Elshiekh, 
Zixuan Zhu, Muhammad Zulfiqar Ali, Sriharsha Venuturumilli, Zhidun Zeng, Fangjing Weng, 
Jiawen Xi. The friendship and support have been the most valuable asset during my PhD study 
process. I want to thank Pengfei Yao from Tsinghua University for his experimental support.  
 
Last but not least, I am grateful to my parents who always love me unconditionally and give 
me enormous encouragements through all my study and life. Thanks to my wife Dong Xing 










List of publications 
 
[1] Sun Q, Xing D, Yang Q, et al. A new design of fuzzy logic control for SMES and battery hybrid 
storage system[J]. Energy Procedia, 2017, 105: 4575-4580. 
[2] Xing D, Patel J, Sun Q, et al. AC loss comparison between multifilament and nonstriated 
YBCO coils designed for HTS propulsion motors[J]. IEEE Transactions on Applied 
Superconductivity, 2017, 27(4): 1-5. 
[3] Li J, Yang Q, Yao P, et al. A novel use of the hybrid energy storage system for primary 








Abstract ................................................................................................................................... II 
Acknowledgement ...................................................................................................................IV 
List of publications ....................................................................................................................V 
Contents .................................................................................................................................VI 
List of Figures .......................................................................................................................... XI 
List of Tables..........................................................................................................................XIV 
Nomenclature ........................................................................................................................XV 
List of Abbreviation ...............................................................................................................XVII 
Chapter 1 Introduction ........................................................................................................... 1 
1.1 Thesis background ......................................................................................................... 1 
1.2 Research motivation............................................................................................................ 3 
1.3 Challenges and contributions of the thesis ............................................................................ 5 
1.4 PhD thesis structure ............................................................................................................ 8 
1.5 Graphical abstract of the thesis .......................................................................................... 10 
Chapter 2 Literature review .................................................................................................. 12 
2.1 Superconducting materials ................................................................................................ 12 
2.1.1 Introduction of superconductor ................................................................................... 13 
2.1.2 V-I curve of superconductor......................................................................................... 14 
2.1.3 Low temperature superconductors and high temperature superconductors ................... 15 
2.1.4 BSCCO-2223 superconductor ....................................................................................... 16 
2.1.5 MgB2 superconductor.................................................................................................. 17 
2.1.6 YBCO superconductor ................................................................................................. 17 
2.2 Energy storage systems ..................................................................................................... 22 





2.2.2 Pumped hydro energy storage system.......................................................................... 25 
2.2.3 Flywheel energy storage system .................................................................................. 26 
2.2.4 Supercapacitor energy storage system ......................................................................... 27 
2.2.5 Superconducting magnetic energy storage system ........................................................ 28 
2.2.6 Comparison of different energy storage systems........................................................... 29 
2.3 SMES applications in power systems................................................................................... 30 
2.3.1 10 MJ SMES in Kameyama ........................................................................................... 30 
2.3.2 1 MJ SMES built by the Chinese Academy of Sciences.................................................... 32 
2.4 The applications of energy storage systems ........................................................................ 33 
2.5 Hybridization of different energy storage systems ............................................................... 35 
2.5.1 Overview of hybrid energy storage system ................................................................... 35 
2.5.2 Advantages of SMES-battery HESS ............................................................................... 36 
2.5.3 Disadvantages of SMES-battery HESS ........................................................................... 36 
2.6 Microgrids in power system ............................................................................................... 37 
2.6.1 Microgrid operation modes ......................................................................................... 37 
2.6.2 Benefits of microgrids ................................................................................................. 38 
2.6.3 Challenges of microgrid integration.............................................................................. 38 
2.7 HESS energy management methods ................................................................................... 39 
2.8 Conclusions....................................................................................................................... 40 
Chapter 3 SMES magnet design for the HESS ......................................................................... 41 
3.1 Introduction ...................................................................................................................... 42 
3.2 SMES magnet design method ............................................................................................. 43 
3.2.1 Design process of SMES magnet................................................................................... 44 
3.2.2 SMES magnet critical current calculation ...................................................................... 45 
3.3 Solenoid SMES magnet design............................................................................................ 48 
3.3.1 Solenoid SMES magnet structure ................................................................................. 48 
3.3.2 Solenoid SMES magnet design ..................................................................................... 49 





3.4 Toroidal SMES magnet design ............................................................................................ 52 
3.4.1 Toroid SMES magnet structure..................................................................................... 52 
3.4.2 Toroid magnet design.................................................................................................. 53 
3.5 SMES weak point in solenoid SMES magnet ........................................................................ 54 
3.6 Conclusions....................................................................................................................... 56 
Chapter 4 Feasibility study and evaluation of Roebel cable SMES ............................................ 58 
4.1 Introduction ...................................................................................................................... 59 
4.2 Advantages of Roebel cable SMES magnet .......................................................................... 60 
4.2.1 Roebel cable structure................................................................................................. 60 
4.2.2 Current capacity and power density analysis................................................................. 62 
4.2.3 Uniform current sharing .............................................................................................. 66 
4.2.4 Low AC losses ............................................................................................................. 67 
4.3 Roebel cable critical current measurement ......................................................................... 68 
4.3.1 Experimental setup ..................................................................................................... 68 
4.3.2 Results and discussion ................................................................................................. 72 
4.4 Comparison between Roebel cable SMES and conventional YBCO tape SMES ....................... 75 
4.4.1 Energy capacity analysis for the Roebel cable SMES ...................................................... 75 
4.4.2 Charge/discharge delay and joule heat ......................................................................... 75 
4.4.3 Discussions of mechanical stress for Roebel cable SMES ................................................ 77 
4.4.4 Discussions of manufacturing difficulty for Roebel cable SMES ...................................... 78 
4.5 Conclusions....................................................................................................................... 79 
Chapter 5 Fuzzy logic energy management method for HESS deal with the fluctuation power 
demand in microgrid................................................................................................................... 80 
5.1 Introduction ...................................................................................................................... 81 
5.2 Introduction of fuzzy logic controller .................................................................................. 83 
5.2.1 Fuzzification part in fuzzy logic controller ..................................................................... 84 
5.2.2 Decision making part in fuzzy logic controller................................................................ 85 





5.3 System description for SMES-battery HESS in microgrid....................................................... 86 
5.4 Fuzzy logic controller design for HESS energy management ................................................. 87 
5.5 Fuzzy logic applied in power system ................................................................................... 92 
5.5.1 Fuzzy logic HESS compared with battery only system .................................................... 99 
5.5.2 Fuzzy logic HESS compared with filtration method HESS ................................................ 99 
5.6 Conclusions......................................................................................................................105 
Chapter 6 Two-stage energy management control methodology of the HESS for a microgrid 
decoupling process from the main grid .......................................................................................106 
6.1 Introduction .....................................................................................................................107 
6.2 New proposed two stage energy management method with PI-droop control .....................110 
6.2.1 HESS charge state control methodology ......................................................................112 
6.2.2 Two-stage discharge control method ..........................................................................112 
6.2.3 Droop coefficient design for the PI-droop controller ....................................................116 
6.3 Sizing design for the SMES and battery in the HESS for the two-stage energy management 
method .................................................................................................................................117 
6.3.1 Battery sizing design for the SMES-battery HESS ..........................................................118 
6.3.2 SMES sizing design for the SMES-battery HESS .............................................................119 
6.4 Power system configuration for the two-stage energy management method.......................120 
6.5 Case studies .....................................................................................................................121 
6.5.1 Case one: Microgrid with rated power demand ...........................................................121 
6.5.2 Case two: Microgrid with excessive power demand .....................................................128 
6.6 Conclusions......................................................................................................................132 
Chapter 7 Design and test of the SMES-battery HESS experimental platform ..........................134 
7.1 Introduction .....................................................................................................................135 
7.2 SMES-battery HESS topology design ..................................................................................135 
7.3 Experimental platform preparation ...................................................................................137 
7.3.1 SMES magnet preparation ..........................................................................................137 





7.3.3 Bi-directional DC/DC battery converter .......................................................................141 
7.3.4 HESS control loop design ............................................................................................142 
7.4 SMES-battery HESS in lab-scale microgrid experimental platform setup...............................145 
7.5 SMES-battery HESS in lab scale microgrid application .........................................................148 
7.5.1 SMES charge state modification ..................................................................................149 
7.5.2 Experimental results...................................................................................................150 
7.5.3 Comparison of the battery with/without SMES integrated for the microgrid decoupling 
application .........................................................................................................................156 
7.5.4 Result analysis ...........................................................................................................158 
7.6 Conclusions......................................................................................................................159 
Chapter 8 Conclusions .........................................................................................................160 
8.1 Summary .........................................................................................................................160 









List of Figures 
 
Figure 2-1 Resistance of superconductor and normal conductor.................................................... 13 
Figure 2-2 Superconductivity defined by operating temperature, magnetic field and current density
.................................................................................................................................................. 14 
Figure 2-3 V-I curve of superconductor ........................................................................................ 15 
Figure 2-4 Critical current of 4mm wide tape at different temperatures when the external magnetic 
field is parallel and perpendicular to the conductor’s flat side [66] ................................................ 16 
Figure 2-5 Critical current of different types of MgB2 at 20 K [67] .................................................. 17 
Figure 2-6 Performance comparison between BSCCO and YBCO superconductor [68]..................... 18 
Figure 2-7 YBCO HTS tape............................................................................................................ 19 
Figure 2-8 Superpower JcB (perpendicular)................................................................................... 20 
Figure 2-9 Superpower JcB (parallel) ............................................................................................ 20 
Figure 2-10 Superpower YBCO tape angle dependency under 75 K [75] ......................................... 21 
Figure 2-11 Energy storage technologies in electrical power applications....................................... 23 
Figure 2-12 Specific energy power of the main battery technologies [89] ....................................... 25 
Figure 2-13 A typical pumped hydro storage system [78] .............................................................. 26 
Figure 2-14 SMES unit above the cryostat [101]............................................................................ 28 
Figure 2-15 10 MJ SMES parameters [112] ................................................................................... 31 
Figure 2-16 10 MJ SMES operation site photo [112] ...................................................................... 31 
Figure 2-17 1 MJ SMES magnet parameters [111] ......................................................................... 32 
Figure 2-18 View of 1 MJ SMES magnet [111] ............................................................................... 33 
Figure 3-1 SMES magnet electrical design process ........................................................................ 44 
Figure 3-2 Critical current calculation of superconductor in SMES magnet ..................................... 47 
Figure 3-3 3D solenoid SMES structure......................................................................................... 49 
Figure 3-4 Solenoid SMES magnet structure design process .......................................................... 50 
Figure 3-5 Toroid SMES magnet structure .................................................................................... 53 
Figure 3-6 Magnetic field distribution on the solenoid SMES magnet ............................................. 55 
Figure 3-7 Weak point area in 2.5 kJ solenoid SMES magnet.......................................................... 56 
Figure 4-1 Roebel cable photo [189] ............................................................................................ 61 
Figure 4-2 Roebel cable structure ................................................................................................ 61 





Figure 4-4 Superconductor critical current measurement circuit.................................................... 70 
Figure 4-5 Superconductor bridges between the Roebel cable and copper block ............................ 71 
Figure 4-6 Roebel cable critical current measurement experiment setup ....................................... 72 
Figure 4-7 Roebel cable critical current measurement result ......................................................... 73 
Figure 4-8 Single strand critical current measurement result ......................................................... 74 
Figure 4-9 Equivalent circuit for Roebel cable pancake .................................................................. 76 
Figure 4-10 Soldering points for the top-only method [50] ............................................................ 78 
Figure 5-1 Filtration energy management method ........................................................................ 82 
Figure 5-2 Scheme diagram of the fuzzy logic controller. ............................................................... 84 
Figure 5-3 Fuzzification part in the fuzzy logic controller ............................................................... 85 
Figure 5-4 Defuzzification part in the fuzzy logic controller............................................................ 86 
Figure 5-5 System scheme of the SMES-battery HESS in microgrid ................................................. 87 
Figure 5-6 Control scheme of the fuzzy logic controller ................................................................. 89 
Figure 5-7 Simulation model for fuzzy logic energy management method verification (part 1) ........ 93 
Figure 5-8 Simulation model for fuzzy logic energy management method verification (part 2) ........ 94 
Figure 5-9 Power demand for the SMES-battery HESS................................................................... 95 
Figure 5-10 Fuzzification levels in the fuzzy logic controller ........................................................... 96 
Figure 5-11 Defuzzification levels in the fuzzy logic controller........................................................ 96 
Figure 5-12 3D relationship surface of input 1 and input 2 ............................................................ 97 
Figure 5-13 3D relationship surface of input 1 and input 3 ............................................................ 98 
Figure 5-14 3D relationship surface of input 2 and input 3 ............................................................ 98 
Figure 5-15 Battery power output of the battery only system in microgrid ..................................... 99 
Figure 5-16 Battery power output (a) fuzzy logic control (b) filtration method...............................100 
Figure 5-17 SMES power output (a) fuzzy logic control (b) filtration method .................................101 
Figure 5-18 Battery performance by using the filtration method: (a) 400 s to 450 s; (b) 800 s to 850 s
.................................................................................................................................................102 
Figure 5-19 Battery charge/discharge cycle analysis.....................................................................103 
Figure 5-20 Battery power output changing rate comparison .......................................................104 
Figure 6-1 PI controller control scheme.......................................................................................108 
Figure 6-2 Droop controller control scheme ................................................................................109 
Figure 6-3 Control scheme of the new two-stage energy management method ............................111 
Figure 6-4 Stage one control scheme with PI-droop control .........................................................114 
Figure 6-5 Droop controller in the proposed method ...................................................................115 





Figure 6-7 Bus voltage and power demand for the HESS ..............................................................122 
Figure 6-8 Battery power output demand and SMES power output demand .................................123 
Figure 6-9 Battery power output demand for the filtration method and the proposed method ......124 
Figure 6-10 SMES power output demand for the filtration method and the proposed method .......125 
Figure 6-11 Battery discharging rate analysis for the filtration method .........................................126 
Figure 6-12 Discharging rate analysis of the filtration method and the proposed method ..............127 
Figure 6-13 HESS power output demand by applying two-stage method for the microgrid with 
excessive power demand ...........................................................................................................129 
Figure 6-14 HESS power output demand by applying filtration method for the microgrid with excessive 
power demand ..........................................................................................................................131 
Figure 7-1(a) Semi-active topology and (b) full-active topology.....................................................136 
Figure 7-2 SMES chopper charge, discharge and standby .............................................................138 
Figure 7-3 Battery DC/DC converter ............................................................................................141 
Figure 7-4 Block diagram of control board design ........................................................................142 
Figure 7-5 Control board PCB design ...........................................................................................143 
Figure 7-6 Control board in the experiment.................................................................................144 
Figure 7-7 TMS320F28335 microcontroller board ........................................................................145 
Figure 7-8 Experimental platform of the SMES-battery HESS ........................................................146 
Figure 7-9 Laboratory experimental platform configuration .........................................................148 
Figure 7-10 Experimental result for SMES-battery HESS to deal with one microgrid decoupling: (a) 
microgrid bus voltage (b) main grid support voltage (c) battery output current (d) SMES current ...152 
Figure 7-11 Experimental result for SMES-battery HESS deal with multi-times microgrid decoupling: 
(a) microgrid bus voltage (b) main grid support voltage (c) battery output current (d) SMES current
.................................................................................................................................................155 









List of Tables 
 
Table 2-1 Comparison of different energy storage systems ........................................................... 29 
Table 2-2 Energy storage system applications in power system ..................................................... 34 
Table 3-1 2.5 kJ SMES design ....................................................................................................... 51 
Table 3-2 0.9 MJ SMES magnet design ......................................................................................... 54 
Table 4-1 Roebel cable parameters .............................................................................................. 61 
Table 4-2 Comparison of normal SMES and Roebel cable SMES ..................................................... 63 
Table 5-1 Fuzzy rules in fuzzy logic controller ............................................................................... 91 
Table 6-1 Battery performance by using two different control methods........................................127 
Table 6-2 Simulation result for the microgrid with excessive power demand .................................130 
Table 6-3 Comparison of the two-stage method and filtration method .........................................132 









Tc Critical temperature 
Jc Critical current density 
Hc Critical magnetic field 
Ic  Superconductor critical current 
D Duty cycle 






B Magnetic field 
θ Angle between magnetic field and superconductor tape surface 
LTRANS Roebel cable transposition length 
WR Roebel cable stand width 
Wx Roebel cable crossover width 
Wc Roebel cable stand edge clearance 
Φ Roebel cable Roebel angle 
LISG Roebel cable inter-strand gap 





yo  Fuzzy logic output 
Kp Proportional term in PI controller 
 Ki Integral term in PI controller 
Esmes _max  SMES maximum energy capacity 
Esmes  Energy remained in the SMES 
Pbat_out Battery power output 
Vbat Battery terminal voltage 
Iout_max  Battery maximum output current 
Iout_lim Battery maximum output current limitation 
E(I) Voltage drop across the superconductor when the operating 
current is I  








List of Abbreviation 
 
HESS Hybrid energy storage system 
DC Direct current 
AC Alternating current 
SMES Superconducting magnet energy storage 
SOC State of charge 
BESS Battery energy storage system 
LTS Low temperature superconductor 
HTS High temperature superconductor 
FEM Finite element method 
ESS Energy storage system 
EV Electrical vehicle 
REBCO Rear earth-based barium-copper-oxide 
KVL Kirchhoff’s voltage law 
HESS Hybrid energy storage system 
SOC State of charge 
PV Photovoltaics 
VSC Voltage source converter 
PI Proportional integral 
DSP Digital signal processor 





BSCCO Bismuth strontium calcium copper oxide 
YBCO Yttrium barium copper oxide 
MgB2 Magnesium diboride 
NVB Negative very small 
NB Negative big 
NS Negative small 
ZE Zero  
PS Positive small 
PB Positive big 















Microgrids are becoming more and more popular in power systems. Microgrids have 
advantages such as improved local energy delivery efficiency and increased system reliability. 
Microgrids are mostly composed of power generation parts, energy storage systems, and 
loads. With the concern of negative environmental impact, more renewable power 
generation systems are being implemented into microgrids to replace fossil fuel power 
generation [1, 2]. Compared with fossil fuel power generation, renewable power generation 
has the feature of intermittency and variability. That makes renewable power generation not 
able to provide stable power output. Therefore, with the increasing growth of renewable 
power generation, electricity security becomes more important. Adding energy storage 
systems to the power system is one good solution to enhance voltage regulation of microgrids  
[3, 4, 5, 6]. 
The energy storage system is the technology that can convert the electricity into other kinds 
of energy and able to feed the electricity back to the system when needed [7, 8]. A number 





problem [9, 10], power system frequency regulation [11], voltage stabilisation [12], etc. 
Different types of energy storage systems have been designed and tested for power system 
applications [7, 13, 14, 15, 16]. According to the previous studies, the battery energy storage 
system is the most popular energy storage system because it has high efficiency, high energy 
capacity, relatively high power capacity and low economic cost. Therefore, the battery energy 
storage system is commonly used in power systems. 
However, batteries have a short service lifetime, which is caused by the limited number of 
discharge/charge cycles [17, 18, 19]. Moreover, battery service lifetime decreases when 
dealing with short-term fluctuating power demands and transient high currents [20]. 
Furthermore, if the transient power demand for a battery is higher than the battery’s  
maximum discharging rate, the battery is not able to compensate for the power demand. To 
solve this problem, a fast responding energy storage device is proposed to be hybridised with 
a battery to form a hybrid energy storage system (HESS). A supercapacitor and SMES are the 
two mainly used fast-responding devices. A number of researches have investigated the 
supercapacitor-battery HESS [21, 22, 23, 24, 25] and SMES-battery HESS [26, 27, 28]. 
Compared with the supercapacitor, the SMES has higher power density, a lower self-
discharging rate and is more environmentally friendly. The biggest obstacle of the SMES is 
that the cost is too high. However, some recent studies have shown the positive aspects of 
cost-benefit analysis about the SMES [29, 30]. The active combination of a SMES with a 
battery to build a HESS increases the storage system’s maximum power handling capacity, 
maximum energy capacity and extends the HESS service lifetime. Moreover, the energy 
management method, control method and electrical circuit topology are essential for the 
HESS application to achieve the required performance. 
A good SMES magnet structure design can enhance the performance of a HESS. Furthermore, 
a well-designed SMES magnet can support not only high power output but is also able to 
reduce the probability of a SMES quenching [31, 32]. Different researches have shown their 
design results for SMES magnets. However, the SMES design process and method has not 
been discussed in detail.  
For SMES-battery HESS applications, different SMES sizes are required for various applications. 





Therefore, a SMES magnet design method needs to be developed, which is able to design the 
SMES magnet structure for the requested capacity. The control method needs to be 
investigated to enhance the performance and to extend the system service lifetime. 
Moreover, the experimental platform should be established to test the HESS applied 
microgrid performance and verify the control method reliability.  
 
1.2 Research motivation 
 
The cost of superconducting energy storage systems is decreasing. The superconducting 
energy storage (SMES) system is composed of three majority parts: the SMES magnet, a 
cooling system and an external power electronics control circuit. The cost of the SMES magnet 
is approximately 90% of the total cost [33]. In this research, the SMES magnet is constructed 
from high temperature superconducting coils. Moreover, with manufacturing process 
improvements, the cost of high-temperature superconducting materials has dramatically 
decreased. The price of yttrium barium copper oxide (YBCO) second generation type high-
temperature superconductor has decreased from $100 per meter in 2012 to $50 per meter 
in 2018 [34]. The cost of MgB2 high-temperature superconductor is only $10 per meter [34]. 
Moreover, the price is still decreasing. Therefore, the overall cost of SMES systems is 
decreasing, which can stimulate the growth of SMES applications. Hence, it is necessary to 
study the features and the applications for SMESs. 
With the significant changes in electrical power generation in recent years, more and more 
environmentally friendly power generation systems are being coupled to the power system, 
which is called renewable power generation. Many countries and regions have set targets to 
encourage more renewable power generation systems to be connected to the grid. A report 
from the British National Grid shows that renewable power generation will supply 15% of the 
total electrical power consumed in the UK by 2020 [35]. The European Union set a target to 
20% for renewable power generation [36].  
China is aiming to make renewable power generation reach 15% also by 2020 [37]. However, 





uncertainty of power output and higher power output fluctuation. Hence, the high 
penetration of renewable power generation into microgrids and the power system is 
increasing the challenges of power system reliability. Research has shown that energy storage 
is one solution to solve these problems [38, 39, 40, 41]. Energy storage systems can absorb 
the energy when the renewable power generation systems generate more power than the 
requested power demand, and can supply the power system demand when the renewable 
power generation has low power output. Moreover, with the appropriate control of the 
energy storage system, the power fluctuating in the power system can also be compensated 
for by the energy storage system. There are several kinds of energy storage systems, which 
are available for power system applications. Different energy storage devices have different 
characteristics. By combining different types of energy storage systems, hybrid energy 
storage systems can utilise the advantages of different energy storage systems for power 
system applications. 
Microgrids consist of distributed power generation systems, energy storage systems (mostly 
battery energy storage systems) and residential loads. Microgrids can work both in grid-
connected mode and isolated mode. When a microgrid is working in the grid-connected mode, 
the microgrid works like a distribution network in the power system. However, when the 
microgrid is working in isolation mode, the microgrid disconnects from the main grid and uses 
the energy storage system and distributed power generators to supply the load power 
demand in the system.  
Microgrids have the advantages of improving the local energy delivery, high system reliability 
and are able to save money for local users [42, 43]. Therefore, microgrids have great potential 
for application in power systems. Microgrids rely on the energy storage system to support 
reliable power to the local loads. Thus, energy storage performance management is the most 
critical part for microgrid applications. Different papers have presented about energy storage 
systems to compensate for the power demand fluctuating during a microgrid working in 
isolation mode [37, 41, 44, 45]. However, these researches have not studied the energy 






When a microgrid switches to the isolation mode, the unbalanced power in the microgrid 
needs to be supplied by the energy storage system. To support that amount of high power 
requirement, the battery energy storage system needs to increase its power output in a short 
period of time [46, 47]. Therefore, the use of a fast responding energy storage device to  
compensate part of the HESS power demand in first few second to extend the battery energy 
storage system’s response time is one solution to slow the battery system attenuation. A 
study of SMES-battery HESS used to deal with microgrid mode changes has been conducted 
in this thesis. By adding the SMES to the system, the new method shows a significant 
improvement in the battery output performance. 
 
1.3 Challenges and contributions of the thesis 
 
The SMES magnet is one of the most important parts in the SMES system, which affects the 
SMES system’s performance. However, there is no commercially available SMES magnets on 
the market. Moreover, different sizes of SMESs need be designed based on the SMES system’s 
application. The working conditions of each SMES also affect its performance. Therefore, for 
different SMES applications, the SMES magnet design is the first step. Additionally, a good 
design of the SMES magnet can not only increase the SMES system’s working stability but also 
increase the SMES energy capacity. Different papers have discussed SMES magnet design 
methods and give the SMES magnet structure details for their requested energy capacity. 
Therefore, for SMES system applications, a self-made SMES magnet design algorithm needs 
to be developed to design the SMES magnet structure. The developed algorithm needs to be 
able to design the SMES magnet structure for the requested SMES energy capacity. 
Superconductor quenches in the SMES magnet is another problem for SMES applications. A 
superconductor quench can cause the quench point to have a relatively higher resistivity. 
Joule heating will be produced due to the current which passes through the quenching point. 
The joule heat accumulates and can cause the SMES to overheat and damage the 
superconducting material. Once a superconductor is damaged, the SMES magnet is not able 





as it happens. In this thesis, the most susceptible quench area in the solenoid SMES magnet 
design has been located. This can help the quench detection system to more quickly detect 
the quench by adding more quench detection points in that area. 
For microgrid applications, it would be better to have the energy storage system with better 
performance such as higher energy capacity, higher reliability or higher power capacity. 
Therefore, different winding methods [48, 49, 50] and different magnet structures [51, 52, 53] 
to build SMES magnet are considered to enhance SMES performance. In this thesis, a 
feasibility study of using Roebel cable to wind SMES magnet has been investigated. The new 
SMES design method aims to improve the SMES maximum power capacity and response 
speed. Therefore, one highlight of this thesis is that the results of the feasibility study are 
given by considering the mechanical stability, electrical stability, energy capacity, power 
capacity and manufacturing difficulties.  
The power management strategy is vital for the SMES-battery HESS for microgrid applications. 
Without a suitable control strategy, the SMES has no use in the power system. The power 
management strategy should consider the characteristics of the SMES and the battery. The 
final target of the energy management strategy is not only to del iver the requested power 
demand from the HESS but also to extend the HESS service lifetime. As discussed previously, 
renewable power generation has an unstable power output, which increases the power 
system’s power demand unbalancing.  
Therefore, in this thesis, one highlight is that an energy management methodology has been 
developed based on a fuzzy logic controller for microgrid applications. The new proposed 
energy management method uses a non-linear controller to allocate the power for the SMES 
and the battery in a HESS. The proposed method has better performance in preventing the 
SMES from fully charging/discharging, which is able to prevent the battery system suffering a 
high fluctuating power demand. Moreover, the proposed method is able to control the 
battery power output with a better performance than the commonly used method. 
The microgrid decoupling process is another challenge for the HESS in microgrid applications. 
When a microgrid switches to isolation mode, the unbalanced power between local loads and 
local generations needs to be supported by the hybrid energy storage system. There are not 





mode. The primary challenge is that at the time when the microgrid switches mode, most of 
the loads need to be supported by the energy storage system. This means a large amount of 
power demand for the HESS suddenly appears, which is a heavy burden for the battery system. 
Moreover, the battery system needs time to increase the power output from zero to the 
requested power output. During the time the battery system’s power output increases, the 
battery system is not able to adequately support the load power demand. Otherwise, the 
HESS needs to sacrifice battery service lifetime to achieve an extremely high discharging rate. 
Therefore, the SMES is proposed in this thesis to be integrated with a battery energy storage 
system to build a HESS for microgrid applications. One more challenge for the HESS is the 
control method. The control method of the HESS needs to consider the characteristics of the 
SMES low energy capacity and battery low power capacity. More than that, the most critical 
target of the control method is to stabilise the system’s voltage in any circumstances.  
Therefore, a novel control method for the SMES-battery is developed to deal with the 
microgrid decoupling process. The new control method is able to control the battery power 
output to a better performance. The new proposed method can enhance the battery 
performance during the process. A case study is carried out to introduce the detailed 
implementation of the control method for the SMES-battery HESS. 
There are many theoretical studies about SMES and battery HESS control methodologies [19, 
54], sizing design [55] algorithm and energy management methods [54, 56]. However, for the 
author’s best knowledge, none of the published papers show the SMES-battery HESS 
experimental performance. The experimental performance is fundamental to validate the 
SMES-battery HESS applications. Moreover, the experimental platform can be used to test 
the proposed control method’s working performance. Reliable experimental performance of 
the proposed control method and proposed circuit topology can help the SMES-battery HESS 
applications be commercialised. 
One highlight in this thesis is that the SMES-battery HESS experimental platform has been 
established and tested at the University of Bath. Moreover, the designed control 
methodology is implemented in a programmable microcontroller. Various control methods  
can be used in the microcontroller to test the control method’s reliability and performance. 





The new charging method can help to stable the power system’s voltage level when the HESS 
is charged. 
Sizing optimization is another challenge when designing SMES-battery HESSs. However, sizing 
optimization will not be studied in this research. The capacity of the SMES presented in this 
research is determined by the author’s experience and previous research. The batteries size 
is able to satisfying long-term power demand in microgrids. 
 
1.4 PhD thesis structure 
 
Chapter 2 reviews different superconducting materials and different energy storage systems. 
After the literature review of the commercialised superconducting materials, the YBCO high 
temperature superconducting material is selected to build the SMES magnet because the 
YBCO material has a good performance under high background magnetic field and a relatively 
high working temperature. Moreover, a literature review of microgrids has been investigated 
with their advantages and challenges. Different types of energy storage devices have been 
studied and the advantages of using SMES-battery hybrid energy storage systems for 
microgrid applications have been discussed. 
Chapter 3 discusses the design of the SMES magnet in the HESS. The SMES design is used to 
help the SMES magnet manufacturing, which will be applied in the SMES-battery HESS. 
Moreover, the weak point area in the solenoid SMES magnet has been located in the SMES 
magnet study, which can help the quench protection for the solenoid SMES magnet.  
Chapter 4 proposed using Roebel cable to wind the SMES magnet to enhance the SMES 
magnet power capacity, which is used to improve the SMES-battery HESS overall power 
capacity. The feasibility study has been conducted using a different winding structure to build 
the SMES magnet. In this study, Roebel cable is used to wind the pancake coil in the SMES 
magnet. By using the Roebel cable in the SMES magnet, the SMES magnet is able to achieve 





Chapter 5 presents a new fuzzy logic energy management methodology for the SMES-battery 
HESS to compensate for the power demand fluctuations in microgrids. The energy 
management method is used to control the power sharing between the SMES and battery. 
The new proposed energy management method shows good performance on decreasing the 
battery power output fluctuating. A case study is presented and used to test the performance 
of the proposed fuzzy logic energy management method.  
Chapter 6 introduces a new control method for the SMES-battery HESS for the microgrid 
decoupling process. The proposed two-stage method with PI-droop controller shows good 
performance on stabilising the load voltage and extends battery service lifetime. The case 
study compares the proposed method with the filtration method, which indicates that the 
proposed method has better performance. By combining the fuzzy logic control method 
discussed in chapter 5 and the two-stage method in chapter 6, the whole set of the control 
method for the HESS to deal with the microgrid daily operation requirement has been 
established.  
In chapter 7, to validate the SMES-battery HESS reliability and achievability, a HESS 
experimental platform was built. The self-made SMES magnet is designed by the magnet 
design method, which was discussed in chapter 3. The HESS platform design has been 
discussed in detail and the circuit topology is presented in chapter 7. The control algorithm in 
chapter 6 is applied in the experimental platform to test the control method’s reliability. The 
experimental results are discussed at the end of chapter 7, which matches the simulation 
results in chapter 6.  
In the conclusions in chapter 8, the SMES-battery HESS for microgrid applications has been 
achieved. The system control circuit topology has been designed and tested. The control 
method for the SMES-battery HESS response of the microgrid daily operation has been 
designed and validated by the experiments. The SMES design process has been developed to 









1.5 Graphical abstract of the thesis 
 
The graphical abstract, as shown below, also indicates the contributions of this thesis. To 
study the SMES-battery HESS for microgrid applications, a SMES magnet must be built. There 
is no commercially available SMES magnets on the market. Therefore, the SMES magnet must 
be designed. In this study, the SMES energy capacity design has been researched. The study 
helps to design the SMES magnet structure with the required SMES energy capacity. A 
feasibility study of the Roebel cable SMES has been done, which aimed to develop a high 
power capacity SMES magnet for the HESS. The high power capacity of the SMES is its benefit 
to increase the HESS maximum output power capacity when dealing with highly fluctuating 
power demands.  
The HESS needs an appropriate control algorithm for different scenarios in microgrid 
applications such as the microgrid grid connected mode, islanded mode and microgrid grid 
decoupling process. The microgrid in the grid connected mode acts as one distribution 
network, which does not need an energy storage in the system. For the microgrid working in 
islanded mode, the new proposed fuzzy logic control algorithm and conventional filtration 
methods have been investigated. A novel two-stage energy management control method is 
proposed to control the HESS to deal with the microgrid decoupling process.  
Moreover, the HESS circuit topology needs to be selected to build a HESS experimental 
platform, which will be introduced in chapter 7. By connecting the SMES and battery to the 
designed HESS circuit topology, the experimental rig has been established. The experimental 
platform verification for the HESS is discussed in chapter 7. 
 By integrating fuzzy logic control and two-stage control, the whole control algorithm of the 
SMES-battery HESS for microgrid applications is established. Finally, applying the proposed 
control method in the experimental platform with the designed SMES magnet tells the whole 

















In this chapter, literature about the superconducting materials and different energy storage 
systems has been reviewed. The SMES magnet design is based on the characteristics of 
superconducting materials which requires the theoretical study of different superconductors . 
Different energy storage systems have been studied, and the advantages of the SMES-battery 
HESS were described. Moreover, the advantages and challenges of the microgrid in the power 
system have been investigated in this chapter. 
 
2.1 Superconducting materials 
 
Superconducting materials have many potential applications due to having zero resistance at 
the superconductivity state [57]. This section introduces the characteristics of 
superconductors. Furthermore, this section briefly introduces three high-temperature 
superconducting materials which have generated a significant interest from academia and 







2.1.1 Introduction of superconductor 
 
Superconductors are materials that can conduct electricity with zero resistance, which means 
that there would be no energy released from the material when transmitting energy. 
Superconducting material was first discovered in 1911 by Heike Kamerlingh Onnes [61]. For 
normal conductors, such as copper and silver, the electrical resistance gradually decreases 
when the temperature of the material decreases. However, such materials cannot achieve 
zero resistance due to impurities and other defects. In a superconductor, as shown in Figure 
2-1, the resistance drops to zero when the material reaches  its critical temperature. 
 
 
Figure 2-1 Resistance of superconductor and normal conductor 
All superconducting materials at superconductive state are affected by three factors, which 
are current density in the material, background magnetic field, and the operating 
temperature. As shown in Figure 2-2, the grey area denotes the superconducting region. The 
superconductor has superconductivity only if the conductor’s current density, temperature 





Hc (critical magnetic field) denote the maximum limits of a superconductor’s superconductive 
state [62, 63].  
 
Figure 2-2 Superconductivity defined by operating temperature, magnetic field and current density  
 
2.1.2 V-I curve of superconductor 
 
The voltage drop (V) along the superconductor wire as the current (I) go through can be 
characterized by the V-I curve. The critical current for the superconductor wire is defined as 
the current when the voltage drop per centimetre is 1 μV [64]. The general V-I curve is shown 






Figure 2-3 V-I curve of superconductor 
The V-I curve of the superconducting wire can be summarized as E-J power low shown in Eq. 
2-1 [64] 
 





E(I) is the voltage drop across the superconductor, Ec  is voltage drop criterion which usually 
is 1 μ V/cm, I is the current in the conductor, Ic  is the critical current, and N is the exponent. 
The higher the N-value of a superconductor is, the sharper the V-I curve would be. Good 
quality superconductors have high N values. This means that superconductors which have 
high N-values will generate lower losses than low N-value superconductors when transmitting 
the same amount of current. 
 
2.1.3 Low temperature superconductors and high temperature 
superconductors 
 
Low temperature superconductors (LTS) are superconductors with critical temperature lower 
than 30 K (lower than -240 °C) such as niobium-titanium (NbTi) and niobium–tin (Nb3Sn). High 





K, such as bismuth strontium calcium copper oxide (BSCCO), YBCO and MgB2. In this research, 
the high temperature superconductor will be used due to its relatively low requirement for 
the operating temperature which also reduces the cooling equipment cost. 
 
2.1.4 BSCCO-2223 superconductor 
 
BSCCO [65, 66] is a family number of the high-temperature superconductors, BSCCO-2223 has 
the best performance in BSCCO type superconductor. The critical temperature of the BSCCO-
2223 HTS is about 110 K, and the critical current density at 77 K (boiling point of liquid nitrogen) 
is about 100 A for a 4-mm-wide tape. The manufacturing process of BSCCO-2223 tapes is 
robust and well implemented, with lengths of about one kilometre being achievable. But 
BSCCO-type superconductors do not have good performance under high background 
magnetic field. The critical current of BSCCO-2223 superconductor under different external 
fields is shown in Figure 2-4. 
 
Figure 2-4 Critical current of 4mm wide tape at different temperatures when the external magnetic 










2.1.5 MgB2 superconductor 
 
The critical temperature of magnesium diboride (MgB2) is 40 K [67]. As the performance of 
MgB2 from 30 K to 40 K is not good (low critical current), this kind of material mostly used at 
temperatures under 25 K. The price of the MgB2 superconductor is much cheaper than other 
HTS materials as the elements needed to process MgB2 are easy to get. However, the 
operating temperature of MgB2 is much lower than BSCCO and YBCO which limit its 
applications. Figure 2-5 shows the critical current density of different types of MgB2 wires at 
20 K. 
 
Figure 2-5 Critical current of different types of MgB2 at 20 K [67] 
 
2.1.6 YBCO superconductor 
 
YBCO-type high temperature superconductors have high critical current density and good 





working performance than BSCCO-type superconductors at 77 K. Therefore, YBCO is the most 
popular type of high temperature superconductors for research and industrial applications. 
Figure 2-6 compares the critical current densities of YBCO and BSCCO-2223 type 
superconductors under different external magnetic fields. 
 
Figure 2-6 Performance comparison between BSCCO and YBCO superconductor [68] 
Because the SMES magnet works at high external magnet field, YBCO type superconductor is 
a good choice to build the SMES magnet. 
YBCO HTS tapes are commercially available and excellent performance under the high 
magnetic field, and are manufactured as multi-layer superconductor tapes as shown in Figure 
2-7. Superconducting tape suppliers are able to manufacture tapes that are over 1000 meters 






Figure 2-7 YBCO HTS tape 
The YBCO layer in the YBCO superconducting tape is about 1μm, with the total thickness of 
the tape being about 0.1 mm. The copper stabilizer and substrate in the tape can be used to 
enhance the tape’s mechanical properties. The YBCO HTS tape fabricated by SuperPower is 
able to withstand 700 MPa pressure without current capacity degradation [73]. 
For magnet design research, the HTS electrical properties are the primary consideration. In 
this section, the critical current (Ic ) and the YBCO material’s angle dependency are discussed 
in the following parts. The HTS electrical performance in the SMES magnet determines the 
SMES current rating which also determine the energy capacity of the SMES magnet.  
The critical current of a superconductor is determined by the background magnetic field and 
operating temperature [74]. For a background magnetic field that is applied perpendicularly 






Figure 2-8 Superpower JcB (perpendicular) 
Figure 2-9 shows the critical current of the 12 mm wide YBCO HTS tape when the background 
magnetic field is applied parallel to the tape. 
 





In the SMES magnet, the magnetic field is dependent upon its structure, and the magnetic 
field is not evenly distributed. Furthermore, the magnetic field penetrates into the YBCO HTS 
tape from different angles. Therefore, the angle dependency of the HTS critical current needs 
to be considered when designing the SMES magnet. 
B. Ramshaw et al. [75] studied the angle dependency of the YBCO HTS tape made by 
SuperPower. The results are shown in Figure 2-10. The results show that the lowest critical 
current for the YBCO HTS tape is when the magnetic field is applied perpendicularly to the 
HTS tape. And when the magnetic field is applied parallel to the tape, the critical current has 
a small amount of attenuation. Moreover, the angle dependency of the HTS has a non-linear 
relationship with the critical current. These factors, in addition to the uneven distribution of 
the magnetic field across the SMES magnet and the application of the field from different 
angles onto the HTS tape, increase the difficulty of designing the SMES magnet.  
When comparing YBCO, BSCCO and MgB2 HTS materials, the YBCO-type superconducting 
material was found to have better performance under a high background magnetic field, and 
was thus proposed for use in building SMES magnets in this project. 
 
 






2.2 Energy storage systems 
 
An energy storage system (ESSs) is one tool used to store electricity by transferring the 
electrical energy to other forms of energy, such as chemical energy, potential energy, 
magnetic energy, etc. which can be stored and retrieved back as electrical power when 
needed [7, 76, 77]. The history of energy storage is very long. During the early 20th century, 
the lead-acid accumulator was first proposed to offer direct current electricity storage. In 
1929, the first pumped hydroelectric energy storage system was built to store electricity with 
a high energy capacity. In recent years, with advances in renewable generation and higher 
quality requirements of storing and supplying electricity, ESSs began receiving more attention. 
Although battery energy storage and pumped hydro-energy storage systems are the main 
storage systems used within conventional power systems, a wide range of other energy 
storage devices are currently available [78]. Figure 2-11 shows different types of 







Figure 2-11 Energy storage technologies in electrical power applications 
Section 2.3.1 to 2.3.5 reviews some of the most commonly used energy storage systems. The 
characteristics of different ESSs are evaluated, and their advantages and disadvantages are 
analysed. 
 
2.2.1 Battery energy storage system 
 
The battery energy storage system is one of the most commonly used energy storage 
technologies in recent years [76]. The battery energy storage system is composed of number 
of battery cells, with each cell formed of a positive electrode and a negative electrode placed 
together in a sealed container. When the battery gets charged/discharged, the electrolyte can 
exchange ions between the electrodes to deliver electrical energy.  
A. Lead-acid batteries 
The lead-acid battery was first developed in 1859, and since then the lead-acid battery is one 
of the most commonly used energy storage devices. Features of lead-acid batteries include: 
 The cost of battery energy storage system is relatively cheap (300-600 $/kWh [78]; 50-
100 $/kWh [79]; 210-270 €/kWh [80]; 185 €/kWh [81])  
 Relatively high efficiency(75%-80% [80]) 
 High reliability [82] 
 Low self-discharge( less than 0.1% [83]) 
 Need maintenance during the operation which causes higher expense. 
 Short life cycle(500–1000 cycles [78]; 200-300 [41]; 500 [84]; 1200–1800 [80])  
 Low power density(180 W/kg [79]) 
 High requirement for the working environment due to the battery needs to work in 
dry and warm place. 
B. Lithium-ion battery 
The lithium-ion battery was developed in the 1960s and was commercialized in 1991 by Sony. 





particularly due to its uses normally applied in small devices such as mobile phone, watches 
and laptops. Moreover, it is also used in electric vehicles (EVs) [85]. In recent years, we have 
witnessed a booming development of EVs which resulted in dramatic increases in capacity, 
efficiency, and other properties for Li-ion batteries. The main characteristics of the Li-ion 
battery are listed below: 
 High energy density(80–150 Wh/kg [79]; 100–150 Wh/kg [86];120–200 Wh/kg [87]) 
 High power density(500-2000 W/kg [79] 
 Low self-discharge(1% [88]) 
 Long life cycles(more than 1500 cycles [79]) 
 High efficiency(90%-100% [79]) 
 High cost(900-1300 $/kWh [79]) 
The lithium-ion battery has the advantage of high power density and high energy density. 
However, the high unit cost limits its application in large scale application such as in power 
systems applications. 






Figure 2-12 Specific energy power of the main battery technologies [89] 
Li-ion batteries have higher energy capacity and power capacity than lead acid batteries. 
However, Li-ion batteries need to sacrifice energy capacity in return for a higher power 
capacity. Therefore, the design of the battery energy storage solution applied in the microgrid 
needs to consider both the energy and power capacity demands. If a high energy capacity 
battery been chosen for the power system, it would be difficult for the battery to compensate 
for a high power demand. On the other hand, if a high power capacity battery was chosen, it 
may not withstand the long-term power demand of the power system. Therefore, it would be 
better if the high power capacity battery is hybridized with a high energy capacity energy 
storage device or the high energy capacity battery hybridize with a high power capacity 
energy storage device. 
 
2.2.2 Pumped hydro energy storage system 
 
The pumped hydro energy storage system is widely applied in electrical power system [90]. It 
utilizes electric motors to convert electrical energy to gravitational potential energy. This ESS 
pumps water from a low altitude to higher altitude, normally during off-peak hours when the 
energy demand is low, thus getting ‘charged’ with energy. When the power system needs 
energy from this ESS, i.e. during peak hours, the water is released and it flows from the higher 
altitude downwards, converting the gravitational potential energy to electrical energy. This 
principle of operation is illustrated in Figure 2-13.This energy storage method has a large 






Figure 2-13 A typical pumped hydro storage system [78] 
However, this energy storage method has high capital investment, environmental damages 
and long responding time. Therefore, it can only be used in power grid applications [90]. 
 
2.2.3 Flywheel energy storage system 
 
The flywheel energy storage system uses a spinning mass to store energy. When the flywheel 
ESS is getting charged, the spinning mass is accelerated by the motor. When the system 
discharges, the spinning mass operates as a generator that generates electrical power from 
the rotational energy. The flywheel ESS has 90-95% efficiency, long service time and high 
power density. But it has a high cost and high self-discharge rate which can cause it to be fully 





The power capacity of the flywheel ESS depends on the size of the motor and the energy 
capacity depends on the speed and the size of the rotor. As a result, the power rating of the 
flywheel can be designed to be relatively high. However, the energy capacity is lower than 
other long-term energy storage systems such as battery based ESSs [41, 91]. 
 
2.2.4 Supercapacitor energy storage system 
 
The supercapacitor is one newly developed energy storage device in recent years. The 
supercapacitor is made with the porous microstructure such as carbon resulting in large 
surface area hence higher capacitance can be achieved. The principle of the supercapacitors 
is more like batteries that are based on electrochemical cells relying on conductor electrodes, 
electrolytes and porous membrane [92]. 
The electrons at the cathode can attract positive ions and vacancies of electrons at the anode 
attract negative ions. Between two electrodes, the electrically insulating separator is placed 
to allowing ions to go through.  
The supercapacitor is working as the same theory as the conventional capacitor. The energy 
stored in the supercapacitor relate to the supercapacitor’s terminal voltage  𝑉  and its 







The supercapacitor ESS has a high power density and long service lifetime, and such systems 
can have efficiencies ranging between 85% and 95%, with fast charge/discharge response 
speed [93, 94, 95]. However, it has low energy capacity per unit and lower efficiency 






2.2.5 Superconducting magnetic energy storage system 
 
SMES is another energy storage solution that has been getting more popular in recent years. 
SMES stores the magnetic energy in the SMES magnet where the magnetic field in the SMES 
magnet is created by the current flows in the SMES magnet [98, 99, 100]. Figure 2-14 shows 
a SMES magnet which was used in a cooperative project between the University of Bath and 
the Electric Power Research Institute in China [101]. The SMES energy capacity is 6 kJ at 69 K, 
and the designed power capacity is 200 kW. 
 
Figure 2-14 SMES unit above the cryostat [101] 
The energy stored in the SMES magnet depended on the self-inductance L and the current in 







Pickard et al. [88] research show that magnetic flux density around 10T at 4.2K is able to 
provide energy densities of 40MJ/m3, which explains the enormous potential of high energy 





superconducting materials has been significantly enhanced, increasing the current density 
and maximum background magnetic field and thus improving the power and energy densities 
of the SMES. 
 
2.2.6 Comparison of different energy storage systems 
 
Table 2-1 shows the summary of different energy storage systems listed before. As can be 
seen from these tables, the SMES has highest power capacity with fast response time. 
Moreover, the SMES has long service lifetime and highest energy density. 

































100-5000 0-0.1 0-20 0-0.3 0-100 
Response 
time 
minutes milliseconds milliseconds milliseconds milliseconds 
Daily 
parasitic loss 
Very small 0.1%-0.4% 0.1%-0.4% 20%-40% 10%-15% 
Life (years) 30-40 5-10 5-7 8-10 30 
Cycle 
efficiency 
70-80 90-99 63-90 85-95 97+ 
Cycle life 10000-
30000 











2.3 SMES applications in power systems 
 
Different SMESs have been proposed using different superconducting materials. A MJ level 
MgB2 SMES magnet was designed by M Sander et al [110]. Two SMESs using magnets based 
on a BSCCO-type HTS were developed and tested for use in power systems [111, 112], both 
of which will be discussed in this section. Most SMES magnet designs now focus on using 
YBCO-type HTS tapes because of their higher current capacity and better performance under 
high background magnetic field. The 800 kJ level[113] and 2.5 MJ level[114] YBCO made SMES 
magnet has been designed. Two applied SMES magnet are shown in the following section. 
 
2.3.1 10 MJ SMES in Kameyama 
 
A 10MJ SMES in Kameyama, Japan [112] is used to stabilise the bus voltage dips to protect 
industrial facilities such as semiconductor plant. Such voltage dips require huge power 
outputs and fast responding speed to counteract, making a SMES the optimal choice for this 
application. Field tests showed that this SMES was successful in counteracting voltage dips 
and stabilising the grid. The parameters of this10 MJ SMES are shown in Figure 2-15, and a 






Figure 2-15 10 MJ SMES parameters [112] 
 
 








2.3.2 1 MJ SMES built by the Chinese Academy of Sciences 
 
The Chinese Academy of Sciences fabricated a 1MJ SMES magnet winded by BSCCO 
superconducting tape[111]. The SMES magnet is installed in a 10 kV substation to deal with 










Figure 2-18 View of 1 MJ SMES magnet [111] 
 
2.4 The applications of energy storage systems 
 
The energy storage systems explored in previous sections have been applied in a variety of 
different applications. In this research, a summary of different energy storage systems used 
in power system has been done. The overview is shown in Table 2-2 which is based on the 









Table 2-2 Energy storage system applications in power system 
Applications in power 
system 
The power demand 
characteristics and 
requirements 





compensations) [7, 14, 116, 
117] 
Demand size is from kW to 
MW 





Backup power supply for 
power system 
[118, 119, 120] 
Demand size up to 1MW, 
require few millisecond 
response time and long 
discharge duration 
Batteries, flywheel, battery 
Compensate the power 
output fluctuating from the 
renewable generations 
[78, 121, 122, 123] 
The power demand for the 
ESS from kW to MW, 
request millisecond level 
responding speed and long 
discharge duration 
Flywheels, supercapacitor, 
SMES and battery 
Power demand peak 
shaving 
Demand size up to MW. 
Request responding time is 
about few minutes and few 
hours discharge time. 
Pumped hydro energy 
storage system, battery 
Energy management 
[124, 125, 126] 
Demand size is variable 
from 1MW. Request long 
time operation during the 
day 
For large system is pumped 
hydro energy storage 
system. The battery can be 
used for small size system 
 
The response speed and power/energy capacities of different energy storage systems are 
applied differently to different applications in power systems. Fast responding devices such 





times, while battery and pumped hydro-energy storage systems benefit systems which need 
a large amount of energy. However, the fast-response devices have small energy capacities 
and thus can only be used for short-term applications, while pumped hydro-energy storage 
system has the largest energy capacity but requires a long time to deliver electricity. Battery 
systems offer both high power and high energy capacities, but a highly fluctuating power 
demand can decrease its service lifetime, thus making it an expensive option. 
Therefore, combining fast-response devices with high energy capacity devices has been 
proposed for this project, providing the hybrid energy storage system (HESS) with both fast 
response times and a high energy capacity. 
 
2.5 Hybridization of different energy storage systems 
 
2.5.1 Overview of hybrid energy storage system 
 
The combination of different energy storage systems to build a new ESS which has high power 
density, high energy capacity, long service lifetime and fast responding speed. 
The lead-acid battery energy storage system which is characterized by the high energy density 
and high efficiency can be widely applied in power systems [76]. However, this system also 
has low power density and offers relatively short service lifetimes. Therefore, the lead-acid 
battery ESS is proposed for hybridization with another high power density and fast-response 
energy storage device to build a HESS. 
Flywheel and battery HESSs have been proposed to stabilize the power output of renewable 
energy generation [76, 127, 128]. Flywheels have the advantages of long service lifetimes and 
high power densities, but they also have high self-discharge rates which limits the application 
of the flywheel and battery HESS. 
Battery and supercapacitor HESSs have also been proposed for power system applications [77, 





which covering the modelling design, control theory, energy management, sizing design, and 
HESS topology improvement. Then, it comes to the question that why to study the SMES-
battery HESS in this thesis. 
 
2.5.2 Advantages of SMES-battery HESS 
 
The SMES magnet is composed of superconducting coils. The cooling system is used to cool 
down the magnet’s operating temperature to make the superconducting coil achieve its 
superconductivity state. The external power electronic circuit is connected to the SMES 
magnet to control the charging/discharging of the SMES. By considering the cooling system 
consummation, the SMES overall efficiency can reach 95%-98% [78, 133]. 
With the appropriate power electronic control, the SMES can deal with the power demand in 
all four quadrants [134], making it a great choice for use in power systems. Moreover, the 
energy storage medium in the SMES magnet is air which has no operational lifetime limits. 
The magnetic field is constrained within the cooling system, eliminating concerns of 
environmental pollution. The SMES service lifetime is about 20 to 40 years. 
The SMES can respond to changes in power demand within milliseconds because the 
conversion of energy within the SMES is an electrical process. Moreover, Sannomiya et al. 
studied a 1 MW/1 kWh SMES, and found that the SMES takes 20ms to charge 200 kJ [135], 
showcasing the good performance of high power capacity SMES. 
 
2.5.3 Disadvantages of SMES-battery HESS 
 
Even though the price of superconductors is decreasing, the total cost of the SMES magnet is 
still very high, which means that the initial investment in this HESS is huge. Moreover, the 
cooling system design for the SMES magnet is another challenge for HESS applications. 






2.6 Microgrids in power system 
 
The recent trend of making power systems more environmentally sustainable has turned 
towards onsite power generation, resulting in an increase in the popularity of the microgrid, 
which was first proposed by Lasseter [136]. The microgrid is normally composed of distributed 
renewable energy generators (such as solar panels, wind turbines, etc.), energy storage 
systems and local residential loads.  
 
2.6.1 Microgrid operation modes 
 
The microgrid can operate under two different operation conditions: grid connection mode 
and islanded mode. The grid connection mode allows the microgrid to function as one 
distribution network within the power system. The microgrid is working on its islanded mode 
when the microgrid disconnected from the main grid. The locally distributed power 
generators and the energy storage systems are used to support the microgrid’s power 
demand. Therefore, a power electronic interface is required to connect and disconnect the 
microgrid to and from the main grid. Moreover, in the islanded mode, the microgrid becomes  
very sensitive to load power demand fluctuations and generation power output changes. As 
such, a reliable power source such as a HESS is required to support the difference between 
load demand and generation output of the microgrid. The energy storage is used to keep the 
voltage and the frequency in the microgrid at the required levels. On the other hand, the 
microgrid has low inertia due to fewer rotating parts within it, making the effective control of 
the ESS more critical.  
Microgrids have been successfully applied in different countries such as Akagi in Japan which 
integrates solar panels and wind turbines. Another one built by the Consortium for Electric 





microgrid, while other microgrids in Malaga, Spain and Hailuoto, Finland combined diesel 
generation and wind generation. 
 
2.6.2 Benefits of microgrids 
 
The microgrid has advantages from an economic perspective and enhances power system 
stability [137, 138, 139]. For the end users in the microgrid, they can get electricity from local 
renewable energy generators, reducing the energy costs on their end. By using local 
generators, the utility grid is required to deliver less power to the microgrid, reducing overall 
transmission losses, in addition to maximizing local utilization of renewable energy [140]. 
Moreover, the microgrid can maximize local utilization of renewable generations. By 
integrating energy storage into the microgrid, the power reliability is also increased for the 
end users [141]. Additionally, microgrids reduce the impact of high penetration of renewables 
in the power system by isolating the microgrid from the main grid whenever necessary [142]. 
 
2.6.3 Challenges of microgrid integration 
  
Due to changes in weather and some unpredictable reasons, the renewable generation power 
output in the microgrid is highly fluctuating. Moreover, microgrids serve a relatively small 
portion of end users which makes the microgrid load profile uncertain. These two reasons 
make balancing power output and demand a critical problem. Even though energy storage 
systems are applied to microgrids to compensate power imbalances, control algorithms are 
also a challenge, especially when it comes to switching the microgrid from the grid-connected 
mode to islanded mode. 
When the microgrid is disconnected from the main grid, most of the power demand from the 
microgrid transfer to the energy storage system in the microgrid. The instantaneous increase 
in power demand for the ESS can decrease the energy storage system service lifetime. 





rate. If the energy storage device does not have a sufficient discharge rate during the time 
the microgrid disconnected from the main grid, the HESS cannot sustain the microgrid voltage 
at the required level, which causes the microgrid unstable. 
 
2.7 HESS energy management methods 
 
The control method of the SMES-battery HESS is the main challenge for HESS applications. 
Due to the different energy storage systems that have their own unique features, the control 
method for the HESS is more complicated. The proposed SMES-battery HESS control method 
should take the advantages of the SMES fast response time [143], high energy capacity [7, 
144] and a battery high energy capacity. Moreover, the control method should consider the 
battery charge/discharge cycle and discharging rate, which relate to the battery service 
lifetime [145, 146]. There are different control methodologies that have been proposed to 
deal with fluctuating power demands for HESSs. The filtration method is the most commonly 
used HESS energy management method which is  able to distinguish high fluctuating power 
demand and slow changing power demand. And let the SMES deal with fast changing power 
demand and battery handle with the slow changing power demand. The filtration method is 
able to extend battery service lifetime by decrease battery charge/discharge cycle. 
Moreover, a real-time data-driven control method has been proposed by Allègre et al. [147] 
to control a supercapacitor-battery HESS, to deal with fluctuating power demands. A real-
time data-driven control method can highly utilise a supercapacitor by holding back the 
battery activation until the energy capacity of the fast-response energy storage device 
reaches a threshold. However, this method may damage the battery when a fast-response 
device (such as a SMES or supercapacitor) is fully charged. Power grading control is proposed 
to be applied for electrical vehicles to deal with fluctuating power demands. The power 
grading control manually classifies different energy storage devices response for different 
power demands. However, the power grading method is not suited for power system 
applications due to the fact that the power demands are highly fluctuating and uncontrollable. 





power demand from the battery but the fast response energy storage device has low 
efficiency. 
By using the conventional filtration method, the battery power output will follow the trend 
of the HESS’s power demand which means numerous battery charge/discharge cycles. It 
would be better to develop a new intelligent energy management method that can shift the 
power demand in short time periods by using more energy from the SMES, and can prevent 
the SMES from fully charging/discharging through the filtration method. 
Fuzzy logic is one intelligent control method which is based on human knowledge with more 
varying levels than normal methods. By carefully designing the fuzzy logic energy 
management method to consider the energy remaining in the SMES and the power demand 
it will be able to shift the power demand between the battery and the SMES, thus reducing 
the number of battery charge/discharge cycles and extending the battery’s service lifetime. 
Moreover, by considering the SMES’s state of charge, the fuzzy logic energy management 
method will be able to prevent the SMES from fully charging/discharging. 
 
2.8 Conclusions  
 
In this chapter, different superconducting materials have been studied. By considering the 
performance of the different materials under high background magnetic fields and operating 
temperatures, the YBCO-type superconductor will be used in further studies. Different types 
of energy storage systems and their applications were investigated and advantages of SMES-
battery HESSs were determined. The challenges of microgrid integration and shortcomings of 
conventional HESS energy management methods were pointed out and will be investigated 












In this thesis, as discussed in section 1.5, the research starts with the SMES-battery HESS 
experimental platform design. The SMES sizing design optimization in the HESS is not 
considered in this research. Therefore, in this research, the SMES magnet structure design 
helps to build the SMES magnet used in the HESS. The 2.5 kJ solenoid SMES magnet structure 
design will be applied to the self-made SMES magnet manufacturing which will be used in the 
SMES-battery HESS experimental platform described in chapter 7. Moreover, the systematic 
study of the foundational knowledge of SMES magnets will help inform the SMES magnet 
control method design. The SMES magnet design study will also support the SMES-battery 
HESS electrical circuit design. After the simulation of the SMES magnet design, the weak point 
area in the solenoid SMES magnet will be located, which can help the SMES magnet 
manufacturer to protect the SMES magnet from quenching in future studies. Moreover, in 
order to design the SMES used for the HESS, a SMES automatic design process has been 
developed. The designed program can automatically develop the SMES magnet structure for 
the requested energy capacity. Moreover, the weak point area in the solenoid SMES can be 
located. The weak point area location research can help the SMES quench protection and 
detection for the SMES-battery HESS to improve HESS security. That also helps to improve the 








Superconductors have zero-ohm losses and a high current capacity which makes them an 
ideal material to build the magnet. SMES magnets are one kind of magnet which are used for 
energy storage. The SMES magnet is not used to generate a high magnetic field but needs 
high magnetic energy stored in the magnet. The amount of magnetic energy in the magnet is 
related to the SMES magnet’s self-inductance and the rated current capacity. Most of all, the 
SMES rated energy capacity is associated with the working temperature and the SMES 
structure. Tasaki K et al. proposed the use of a racetrack pancake coil to build SMES magnets 
[149], and S. Noguchi [52] studied the solenoid SMES magnet with different sizes of 
superconducting pancake coils stacked together to reduce the winding volume. However, 
most SMES magnet structures are solenoid and toroid which will be discussed in the following 
sections. Moreover, different SMES-battery HESS systems need different SMES energy 
capacities. Therefore, for the HESS applications, the required SMES magnet structure design 
process to be developed is one which can design the SMES magnet structure with the 
requested energy capacity. 
BSCCO [150, 151, 152], MgB2 [110, 153, 154] and YBCO [155, 156, 157] are the three most 
commonly used high temperature superconductors (HTS) in superconductor research. 
Compared with low temperature superconductors (LTS) such as Nb-Ti [158, 159]and Nb3Sn 
[160, 161] which can only work at temperatures around 10 kelvin, the HTS has a much higher 
working temperature. This means the HTS material has a low requirement for the cooling 
system and the high temperature is relatively easy to achieve. Compared with the other two 
commonly used HTS materials, YBCO material has  a better performance under high magnetic 
fields [162, 163], and a higher working temperature [164]. Moreover, the long length YBCO 
HTS tape that is available for manufacture [165], and its good performance under high 
mechanical pressure [166] makes YBCO an ideal material to build SMES magnets. In addition, 
YBCO has a higher current density which is crucial for increasing the SMES magnet’s energy 
capacity [167, 168]. Therefore, YBCO is the proposed material with which to build SMES 






3.2 SMES magnet design method  
 
SMES magnet design includes electrical design [171], mechanical stability design [172], and 
cooling system design [173]. The electrical design is the foundational and crucial design 
element in the construction of a magnet. The electrical design is used to design the magnet 
structure. Once the magnet structure has been defined, the critical current and the rated 
energy capacity for the magnet can be calculated. Electrical design is used to optimise the 
magnet structure to reach a higher energy capacity with less HTS material usage. In this study, 
the working temperature for the SMES magnet is 50K as this allows the YBCO HTS to have a 
higher current capacity and it is relatively easy for the cryocooler to reach a 50K working 
temperature. 
Mechanical stability design needs to be considered after the electrical design. In HTS magnets, 
the magnetic field in the magnet will be very strong and the current in the magnet is a few 
hundred amps. Therefore, the Lorentz force on each strand will be very high. Moreover, for a 
YBCO HTS tape winded magnet structure, mechanical strength will be accumulated. The 
innermost layer in the SMES magnet will suffer the highest mechanical pressure. As discussed 
before, the mechanical pressure on the HTS tape cannot exceed 700MPa. If the pressure 
exceeds this the HTS critical current will be attenuated. Because all HTS tapes are connected 
in series, the partial low critical current will decrease the working current of the whole magnet 
and decrease the SMES magnet’s energy capacity. Therefore, the mechanical force is analysed 
after the electrical design decides the initial structure. The cooling design is related to the 
cooling system and the cooling head locations in the SMES magnet. Therefore, the cooling 
design will not be discussed in this study. 
The SMES magnet electrical design is used to inform the structure of SMES magnets. In this 
research, the number of double-pancake coils in the SMES magnet and the double-pancake 
coil’s inner radii are alterable. This study changes these two parameters to find out the SMES 







3.2.1 Design process of SMES magnet 
 
The SMES magnet electrical design process is shown in Figure 3-1.  
 
Figure 3-1 SMES magnet electrical design process 
 
The number of double pancake coils and inner radius are defined automatically by MATLAB. 
Then the SMES structure data is written in COMSOL. The SMES structure is automatically built 
into the software. COMSOL is the software that uses the Finite Element Method (FEM) to 
solve problems. Due to the fixed structure fixed, the self-inductance of this structure can be 
calculated using FEM. The SMES magnet is always placed in an enclosed cooling system [174] 





magnet is generated only by itself and no external magnetic field is applied to the SMES 
magnet.  
 
3.2.2 SMES magnet critical current calculation 
 
In the SMES magnet electrical design study, the SMES critical current calculation is the most 
important part of the design process. Because all superconducting SMES coils in the SMES 
magnet are series connected, the SMES magnet critical current is determined by the lowest 
superconductor critical current in the SMES. Therefore, it is necessary to calculate the critical 
current of each point in the SMES magnet to find out the lowest critical current which is also 
called the critical current of SMES magnet.  
In this study, after the magnet been built in COMSOL, a 500 A current is applied to the SMES 
magnet which is used for further electrical design study. The 500 A current is much higher 
than the rated current of the SMES magnet working at 50K. The data of the magnetic field 
and angle in the SMES magnet are recorded. Due to the magnetic field having a linear 
relationship with the magnetic field and the magnetic field calculation can be calculated by 
Eq. 3-1: 
 
 B = K × L × I 3-1 
 
Where B is the magnetic field generated by the SMES magnet, L is the self-inductance of the 
magnet and K is a constant value, I is the current go through the SMES magnet. 
Then the angle dependency on the HTS material needs to be applied. There is no published 
paper describing the angle dependency of YBCO tape at 50 K. Therefore, for the angle 
dependency tendency of the YBCO tape at 50 K we will use the same attenuation tendency of 
the YBCO working at 75 K which is shown in section 2.1.6. The critical current at different 





perpendicularly to the YBCO tape. The critical current curve at one example point P under 
predefined working temperature 50 K can be calculated by Eq. 3-3: 
 
 I’c(50 K,θ,B) = Icb(50 K,0,B) × k(θ) 3-2 
 
Where Ic(50 K,0) is the YBCO tape critical current under 50 K when the magnetic field is 
applied perpendicularly to the tape which is shown in Figure 2-8. θ is the angle between the 
magnetic field and HTS tape surface which can be obtained from the COMSOL simulation. 
k(θ) is the critical current angle dependency factor of the YBCO tape which is shown in Figure 
2-10. The variable parameter for the two curves I’c(p,50 K, θ,B) and Icb(50 K,0, B) is the 
magnetic field B. In this study, we define the magnetic field on point P with 500 A current 
going through it as B1 which can be calculated by COMSOL. Combining Eq. 3-1 and Eq. 3-2, 
the critical current of point P can be calculated by: 
 
 






The critical current at one point can be found by Eq. 3-3 which is explained in Figure 3-2 where 
the blue curve is the relationship of the critical current curve and the different magnetic field 
strength with angle θ applied to the HTS tape. The green line is the magnetic field at the point 
P when using the different current in the SMES magnet. The cross point of these two curves 









Figure 3-2 Critical current calculation of superconductor in SMES magnet 
 
Theoretically, all points in the SMES magnet need to be calculated. However, to save 
calculation time, only 4 points at each layer will be calculated. After all layers in each pancake 
coil has been calculated, the MATLAB software can find the lowest critical current in the SMES 
magnet which is also the critical current for the whole SMES magnet. 
After this process, the critical current of one SMES structure is calculated, by applying Eq. 3-4 














3.3 Solenoid SMES magnet design 
 
Solenoid structure [175, 176] and toroid structure [177, 178] are the two main structures used 
for the SMES magnet design. The solenoid structure magnet is easy to build and has a 
relatively simple structure. However, the mechanical force and the magnetic field distribution 
in solenoid winding SMES coils are unequal which means solenoid SMES magnets can be easily 
damaged under high background magnetic fields. Therefore, a solenoid structure is usually 
used for smaller SMES magnet design. 
In this research, the solenoid structure is used to design the 2.5 kJ SMES magnet for further 
usage in the SMES-battery HESS experimental platform. The solenoid SMES magnet uses 4 
mm wide superconducting tape where the critical current is 1/3 of the 12 mm tape width. 
 
3.3.1 Solenoid SMES magnet structure 
 
YBCO material made SMES magnets are constructed with YBCO pancake/double-pancake 
coils. For solenoid structure SMES magnets, all the YBCO double-pancake coils are series 
connected and stack together to build the SMES magnet. The 3D model of the solenoid 






Figure 3-3 3D solenoid SMES structure 
 
3.3.2 Solenoid SMES magnet design 
 
In this research, the author researches the energy capacity of different diameter SMES 
magnets. The SMES magnet structures and energy capacities is researched in this study. The 
optimised 2.5 kJ SMES magnet is designed which will be used for the SMES-battery HESS 
experimental platform. 
The solenoid magnet design process is shown in Figure 3-4, MATLAB and COMSOL are used. 
MATLAB is used to analyse and record the data. Moreover, MATLAB can change the 
parameters of the SMES magnet structure in COMSOL. COMSOL is used to analyse the 
magnetic field in the SMES and the self-inductance of the proposed structure. MATLAB 
changes the coil number of the solenoid structure, inner radius of the magnet and turns of 











Where the maximum coil number, maximum inner radius and maximum turn number are pre-
defined to shorten the calculation time. The SMES critical current is calculated by the process 
described in section 3.2.2.  
 
3.3.3 Results of the solenoid SMES magnet design 
 
Simulation results of the 2.5 kJ solenoid structure SMES magnet design is shown in Table 3-1. 
The designed 2.5 kJ solenoid SMES magnet has 6 double pancakes and each pancake coil has 
140 turns. 
Table 3-1 2.5 kJ SMES design 
SMES magnet structure   Solenoid 
Working temperature   50 K 
Number of double pancake coils   6 
SMES inner radius   45 mm 
SMES outer radius   73 mm 
Number of turns in one pancake coil   140 turns 
Rated current   168 A 
Self-inductance   0.18 H 
Energy capacity   2540 J 
YBCO tape width   4 mm 
Pancake to pancake distance   3 mm 
 
The mechanical force analysis is calculated by COMSOL. The maximum mechanical strength 
on the superconductor tape is 1.259 MPa at 47.61° to the YBCO surface. The mechanical stress 
does not exceed the YBCO maximum mechanical withstand pressure which is 700 MPa. 







3.4 Toroidal SMES magnet design 
 
Toroidal SMES magnets are mostly applied to high energy capacity SMES magnet design. The 
toroidal SMES magnet is difficult to build. However, due to the toroidal structure, the 
background magnetic field applied on each pancake coil is the same, which means the toroidal  
SMES magnet can store more energy than the solenoid structure. This study calculated for 
the 900 kJ toroid SMES magnet which will be applied for the SMES-battery HESS in the 
microgrid. 
 
3.4.1 Toroid SMES magnet structure 
 
Same as solenoid SMES magnets, toroid SMES magnets are also constructed with the HTS 
pancake/double pancake coils. The construction of the toroid magnet structure is shown in 
Figure 3-5. Toroid SMES magnets are difficult to manufacture and assemble due to the 
complex structure of the magnet. However, the magnet field is evenly distributed on each 






Figure 3-5 Toroid SMES magnet structure 
 
3.4.2 Toroid magnet design 
 
MATLAB and COMSOL are used to design the Toroid SMES magnet. The toroid SMES magnet 
with 50 pancake coils has been researched. The 0.9 MJ toroid SMES magnet parameters are 











Table 3-2 0.9 MJ SMES magnet design 
SMES magnet structure  Toroid 
Working temperature  50 K 
Number of HTS pancake coils  50 
YBCO tape width  12 mm 
Pancake coil inner radius  117 mm 
SMES outer radius  150 mm 
Number of turns in one pancake coil  165 turns 
Rated current  936 A 
Self-inductance  2.08 H 
Energy capacity  914761 J 
 
The maximum mechanical pressure the YBCO superconducting tape can withstand is 700 MPa. 
The maximum mechanical force on the designed toroid SMES magnet is 29.85 MPa which 
does not affect the YBCO tape’s electrical performance. 
 
3.5 SMES weak point in solenoid SMES magnet 
 
As discussed in the previous section, the SMES magnet’s critical current depends on the 
lowest critical current in the SMES magnet. That point in the SMES magnet is called the weak 
point. One contribution from this SMES magnet design research is finding out the weak point 
area in the solenoid SMES magnet.  
The solenoid SMES magnet has an unevenly distributed magnetic field distribution which 
means the top and the bottom pancake coils have the strongest background magnetic field. 







Figure 3-6 Magnetic field distribution on the solenoid SMES magnet 
 
After the simulation of solenoid SMES magnets in section 3.5, it is found that the lowest 
critical current on the SMES magnet occurs in the range between 1/5 to 1/2 of the total turns  
from the inner radius. Take the solenoid SMES magnet with 100 turns as an example. The 
weak point in the solenoid magnet is between 10 turns and 50 turns from the top and bottom 
coil of the magnet. This statistical result can also be explained by magnetic field distribution 
in the SMES magnet. The magnet is generated by each coil and accumulates at the top and 
bottom coil. Moreover, due to the magnetic field diverging it makes the magnetic field have 
a different angle against the superconductor surface, the first quench point happens at the 
inner side of the top/bottom SMES coil. As can be seen from the angular dependency of the 
superconductor, the inner most tape is parallel to the magnetic field which makes the critical 
current higher. The outer side coil has a low background magnetic field which makes that part 





The magnetic field on the first pancake of the 2.5 kJ solenoid SMES magnet is shown in Figure 
3-7
 
Figure 3-7 Weak point area in 2.5 kJ solenoid SMES magnet 
The weak point area and the first quench point in the 2.5 kJ solenoid SMES magnet are as 
shown above.  
In this study, the weak point analysis helps to find out the easiest quench point in the SMES 
magnet which can improve quench detection and protection for the solenoid magnet. 
According to the weak point area study, more quench measurement points need to be added 
on the weak point area to detect the quench. More cooling power needs to be applied to 
these areas to prevent the SMES magnet from overheating. Moreover, it is necessary to cool 
down the weak point area rather than the easiest quench point in each SMES design. This can 




YBCO material performs excellently under high background magnetic fields and at a relatively 





YBCO has an advantage when building SMES magnets. In this chapter, the solenoid SMES 
magnet and toroid SMES magnet have been studied and the energy capacity was calculated 
by COMSOL and MATLAB. The designed 2.5 kJ SMES magnet will be used for the SMES-battery 
HESS experimental platform verification. This numerical study helps to build the self-made 
SMES magnet which will be used in the SMES-battery hybrid energy storage system. 
Moreover, one highlight of this study is that the weak point area is located during the magnet 
design study. In the SMES system, the weak point area in the SMES magnet needs to receive 
special care. More quench detection points and more cooling power are needed to be added 
to these areas to prevent SMES quenching during the operation.  
However, for HESS applications in the microgrid, the microgrid has a high-power demand 
fluctuation. Therefore, it is better to use the SMES with a higher power capacity to 
compensate the power demand fluctuation. In the next section, the feasibility research of 
using a different winding structure to build the SMES magnet is studied. The designed SMES 
magnet has the advantage of a high-power capacity when compared with the conventional 















Better performance of the SMES can help the HESS performance in microgrid applicants. In 
this chapter, the author proposes to use a Roebel cable SMES magnet in the HESS to achieve 
higher power capacity. The Roebel cable has a high current capacity, uniform current sharing 
and low AC losses, which are all benefits to SMES magnet applications. The low AC losses can 
reduce the size of the SMES cooling system requirements and increase the SMES’s total 
efficiency. The high current capacity of the Roebel cable can help to increase the SMES power 
capacity, which is beneficial to HESS applications for microgrids. Chapter 3 analysed how the 
different diameters of the SMES magnet design can affect the SMES energy capacity. The 
SMES magnet designs aimed to develop the SMES magnet with a higher energy capacity, more 
robustness and higher power capacity. In this study, the feasibility of the Roebel cable wound 
SMES magnet is analysed and evaluated. The advantages of the Roebel cable SMES magnet is 
analysed. The feasibility study is based on four different aspects of the Roebel cable SMES, 
which have been evaluated. The Roebel cable critical current measurement experiment has 
been done to test the Roebel cables working performance. The feasibility of the Roebel cable 





In this study, the Roebel cable SMES magnet is proposed and compared with the conventional 





In 2005, assembling coated conductors into the flat Roebel bar was proposed by J Lehtonen 
et al. [179]. Roebel cable has a complex winding structure, which is used to achieve a high 
transport current with low AC losses [180, 181, 182]. Because of the advantages of the Roebel 
cable, the cable has been proposed for use in HTS transformers, high field magnets and 
electric motors. A Roebel cable HTS transformer has been designed and tested in New Zealand 
[183, 184, 185]. The transformer used the Roebel cable as a low voltage side winding by 
utilising the advantage of the high current carrying capacity of the cable. By applying the 
Roebel cable, the cooling system size can be reduced because of the low AC losses [183, 185]. 
Also, the transformer size was reduced by using the Roebel cable due to its high current 
capacity [184]. A Roebel cable accelerator magnet was proposed by CERN [186, 187]. The high 
current density achieves a fast charge/discharge speed for this magnet application. The rapid 
discharge speed can protect the HTS magnet from overheating when a quench occurs. The 
high charging speed can make the magnet reach its required magnetic field in a short time. A 
Roebel cable motor is now presently being developed by the University of Bath and the 
University of Strathclyde.  
In this study, the author studied the feasibility of using the Roebel cable to build an SMES 
magnet. Theoretically, the Roebel cable SMES has the advantages of low AC losses and high 
current capacity. The low AC losses increase the SMES system’s efficiency and the high current 
capacity increases the SMES’s power capacity. Therefore, the Roebel cable wound SMES 








4.2 Advantages of Roebel cable SMES magnet 
 
The SMES magnet is built using a solenoid or toroid structure. The main differences between 
the Roebel cable SMES and a conventional tape SMES is caused by the winding structure. For 
the conventional solenoid structure SMES magnet and Roebel cable solenoid SMES magnet, 
the main difference is the superconducting coils in the SMES magnet. Therefore, comparing 
two different winding coil methods under SMES working conditions is the comparison of two 
different kinds of SMES magnet performances. The same as the toroid SMES magnet, 
comparing the superconducting coils can help to analyse the differences of the toroid SMES 
magnet with different winding strategies. Therefore, a comparison between the Roebel cable 
SMES and a conventional SMES is to compare the Roebel cable pancake and conventional 
pancake under SMES working conditions.  
 
4.2.1 Roebel cable structure 
 
The Roebel cable is commercially available. General Cable Superconductor Ltd. established a 
production line for 10/2 and 15/5 Roebel cable [188]. 15/5 Roebel cable means the Roebel 
cable has 15 strands and the width of each strand is 5 mm. The 10/2 Roebel cable is the 
superconducting cable with 10 strands and each strand width is 2 mm. A photo of the Roebel 
cables is shown in Figure 4-1 and the dimensions of the Roebel cables are shown in Figure 4-2 






Figure 4-1 Roebel cable photo [189] 
 
Figure 4-2 Roebel cable structure 
 
Table 4-1 Roebel cable parameters 
Parameter Name 10/2 cable 15/5 cable 
LTRANS(=2L) Transposition length 90 mm 300 mm 
WR Stand width 2 mm 5 mm 




1.0 mm 2.0 mm 
Φ Roebel angle 30° 30° 
LISG Inter-strand gap 9 mm(10 strand) 20 mm(15 strand) 







4.2.2 Current capacity and power density analysis 
 
The Roebel cables have a multi-strand structure, which makes a Roebel cable SMES design 
have a higher current carrying capacity than a normal superconducting tape wound SMES. 
Therefore, a Roebel cable SMES magnet has a fast charge/discharge speed, which makes the 
SMES magnet have a higher power capacity. A high field magnet made using Roebel cable is 
utilising the advantage of fast charging/discharging [187]. The high power capacity makes the 
Roebel cable SMES have more potential applications in power systems such as dealing with 
voltage sag. Moreover, one more bonus is that the fast discharging speed can protect the 
SMES when a quench occurs. This is because the long period of SMES magnet discharging can 
cause more joule heat to be generated and overheating occurring in a superconducting tape 
can permanently damage the superconductor. 
A YBCO made SMES magnet is constructed by the stacking of pancake coils. Therefore, a case 
study of the comparison of a 10/4 Roebel cable pancake coil with a standard 4 mm width HTS 
tape double pancake coil has been investigated using the Finite Element Method (FEM). To 
simplify the simulation, the average radius for each pancake was 100 mm. For the same 
amount of HTS material usage, comparisons of the Roebel cable pancake with a normal HTS 
tape are shown in  
Table 4-2. The simulation results show that the energy capacity of the Roebel cable pancake 













Table 4-2 Comparison of normal SMES and Roebel cable SMES 
 
Normal 4mm HTS tape 
double pancake coil 
10/4 Roebel cable pancake 
Inner radius  92 mm 96 mm 
Outer radius 108 mm 104 mm 
Total HTS material usage 100 m 
10 meter Roebel cable 
(Equivalent to 100 m, 4 mm 
HTS tape (10 m × 10 layer = 
100 m)) 
Self-inductance 8.5 mH 0.096 mH 
Rated current(at 50K) 313 3000 
Energy capacity 416.4 J 432 J 
 
Compared with conventional YBCO tape, the Roebel cable SMES has no insulation. The none 
insulation structure makes the Roebel cable SMES achieve a smaller size. Due to the structure 
changes, the energy capacity and self-inductance for the different winding structures are 
slightly different. Therefore, it will affect the charge/discharge speed for different winding 
structures. 
When an external power source charges the SMES, the SMES charge state can be represented 
by applying Kirchhoff’s voltage law (KVL) as: 
 
 U − L
dI(t)
dt






Where U is the DC bus voltage, L is the inductance of the SMES magnet, R l is the equivalent 
self-resistance of the SMES magnet (which is mainly caused by the resistance of the power 
junctions in the SMES magnet), and I(t) is the current in the SMES magnet at time t. 
Assuming that the initial current in the SMES magnet is  Io, the instantaneous current in the 
SMES magnet can be represented by: 
 











In this study, the inner resistance of the SMES magnet is neglected, which means that R l ≈





t × D + Io 4-3 
 
Where D is the duty ratio of the IGBT in the SMES chopper. 







For the SMES magnet charged from zero current, which means that Io = 0, the energy in the 











As has been discussed before, the 4 mm HTS tape double pancake coil has a higher self-
inductance than the Roebel cable wound SMES. For the same charge duty ratio D, the Roebel 
cable has a faster charging speed. 
However, for the SMES discharged to an external load R, applying KVL to analysis the SMES 





+ I(t)R l + I(t)R = 0 4-6 
 
Assuming the initial current in the SMES is  Io , the current in the SMES at time t can be 
represented by: 
 
 I(t) = I0 exp [−




Therefore, if the discharge duty ratio is constant D (0 ≤ D ≤ 1), Eq.8 can be simplified as: 
 
 I(t) = I0 exp −




For the 10/4 Roebel cable, I(t) can be calculated as: 
 
 I(t) = I0 exp −




 I(t) = I0 exp −








For the 4 mm normal HTS double pancake coil, the discharging current can be calculated as: 
 
 I(t) = I0 exp −




Therefore, the high current density of the Roebel cable SMES can increase the SMES power 
density. The power density difference depends on the number of strands in the Roebel cable. 
Furthermore, the high power density of the Roebel cable SMES can charge and discharge the 
SMES several times quicker (depending on how many strands are in the Roebel cable) than 
normal HTS tapes, which is good for SMES applications in power systems. 
 
4.2.3 Uniform current sharing 
 
The unique structure makes sure that no single strand in the Roebel cable remains as the 
outermost layer or innermost layer. Hence, each strand in the N strands Roebel cable is 
exposed to the cable surface only for 1/N of each transposition length at the top and bottom 
cross-over. This particular structure makes the flux evenly penetrate each strand and 
therefore, each strands impedance is the same.  
One advantage of the Roebel cable is that the current sharing of each strand is the same due 
to its structure. This is significantly important for a superconductor working under a high 
background magnetic field. Compared with coaxial cable [190] and stacking multiple strands 
tape [191], the Roebel cable has better current sharing performance [192]. And a stacked-
tape has been proposed to build a SMES magnet [193]. Unequal current sharing in a SMES 
magnet can cause it not to reach its rated energy capacity and can easily create a HTS quench.  
Therefore, the Roebel cable SMES has a better current sharing capability than other kinds of 









4.2.4 Low AC losses 
 
The transport loss and the magnetisation loss are the two main losses in superconducting 
devices. Due to the SMES charge and discharge cycles, the AC losses in the SMES cannot be 
neglected. High AC losses in the SMES magnet will generate more joule heating and require 
more power from the cooling system to cool it down. Therefore, one way to enhance the 
SMES magnet is to reduce the AC losses generated. According to previous researchers, the 
Roebel cable can reduce the transport loss and magnetisation loss. Long NG et al. [194] 
compared the transposition loss in a single strand with the transposition loss in a whole 
Roebel cable. The results showed that the transport loss of the Roebel cable was much less 
than the sum of each strands standalone transport loss. This result demonstrates the 
structure of the Roebel cable can reduce the transport loss. The transport loss depends on 
the shape of the conductor’s cross section and for each cable will depend on its detailed 
architecture. The transposition of the strands within a cable helps equalise the currents and 
averages the field experienced by each strand. Jiang Z et al. [195] compared the Roebel cable 
transport loss with stack tape. The results showed that the transport loss in the cable and the 
stack tape were almost the same at low current. However, the Roebel cable had less transport 
loss under high operating current. 
Magnetisation loss is another kind of AC loss in a superconductor. Y. Yang’s study [196] 
showed the Roebel cable had less magnetic loss under low background magnetic field than 
the stack of standard superconducting tape. However, when the whole Roebel cable was fully 
penetrated with magnetic field, the total magnetic loss was the same. 
In conclusion, SMES magnets are working under a high background magnetic field during their 
operation. Moreover, the superconductor in the SMES magnet is not fully penetrated. 





normal HTS wound SMES magnet. Low AC losses reduce the power demand of the cooling 
system, which is an important part to enhance the SMES system’s efficiency. 
 
 
4.3 Roebel cable critical current measurement 
 
The Roebel cable critical current measurement experiment has been done in this study to test 
its performance. During the experimental process, some manufacturing difficulties were 
encountered, which helped with the feasibility analysis of the Roebel cable SMES. 
 
4.3.1 Experimental setup 
 
4.3.1.1 Roebel cable 
 
In this section, the critical current of the 10/4 Roebel cable was measured. The disassembled 






Figure 4-3 10 strands of Roebel cable 
 
4.3.1.2 Critical current measurement platform 
 
A control program based on LabVIEW and a National Instruments (NI) data acquisition card 
were used. The measurement platform design is shown in Figure 4-4. A DC power supply was 
controlled by a control program on a PC. A high current shunt was used to measure the 
current flowing through the Roebel cable. A NI card was used to collect data of the voltage 
across the current shunt and the voltage on the Roebel cable. The current-voltage relationship 






Figure 4-4 Superconductor critical current measurement circuit 
The current shunt resistivity is a constant value Rshunt. Therefore, the current in the Roebel 
cable can be calculated by: 
 




4.3.1.3 Roebel cable current lead 
 
Superconductor bridges were built between the Roebel cable and copper block as shown in 
Figure 4-5. Each strand has two 4 mm superconductor bridges on both ends to make sure the 
bridges can support enough current. Moreover, this method can make sure that the current 
lead can occupy a short length of the Roebel cable (leave more space for the voltage 









Figure 4-5 Superconductor bridges between the Roebel cable and copper block 
 
4.3.1.4 Voltage measurement points on the Roebel cable 
 
In this experiment, the voltage on the Roebel cable is measured. Two voltage measurement 
points distance on each strand is 700 mm. Moreover, voltage measurement points have at 
least 600 mm distance to the current lead to guarantee the accuracy of the experiment.  
 
4.3.1.5 Power supply 
 
Two 10 V-1000 A DC power supplies connected in parallel to support the current for the 











4.3.2 Results and discussion 
 
The measurement results are shown in Figure 4-7. The critical current of the superconductor 
is defined by the voltage across the superconductor, which is 1 µV/cm [197]. The results show 






Figure 4-7 Roebel cable critical current measurement result 
The average voltage on the Roebel cable was stable when the current increases from 0 A to 
440 A. This is because all of the strands of the cable were in a superconducting state. The 
small fluctuation at 40 A was caused by the slave DC supply turning on. When the current is 
larger than 440 A, a voltage rise on some of the strands starts to appear. When the 
superconductor resistivity becomes larger, the current starts to redistribute to other strands. 
This makes the average voltage on the cable not change between 500 A and 650 A. The 
voltage drop at 876 A is also caused by current redistribution over different strands in the 
Roebel cable.  
A single strand critical current measurement result is shown in Figure 4-8. The Roebel cable 
has a lower N value than a single strand, which is caused by the inequivalent impedance of 






























Figure 4-8 Single strand critical current measurement result 
Therefore, as can be seen from the results, the power joint soldering is one of the most 
important parts for an application. The different power joint impedance between the current 
leads and each strand in the Roebel cable can cause an uneven current distribution. The 
imbalanced current distribution can cause the Roebel cable to easily quench, which can 

































4.4 Comparison between Roebel cable SMES and 
conventional YBCO tape SMES 
 
 
 4.4.1 Energy capacity analysis for the Roebel cable SMES 
 
Compared with a standard HTS tape wound SMES magnet, the Roebel cable SMES magnet 
has lower self-inductance but higher current carrying capacity. The magnetic field stored in 
the SMES magnet is almost the same as the Roebel cable pancake and standard HTS tape 
double pancake. The analysis is discussed in section 4.2.2. Therefore, for the same amount of 
HTS material usage, the Roebel cable SMES has almost the same energy capacity as the 
normal HTS tape. The energy capacity difference is caused by the insulation (Kapton tape) on 
the conventional YBCO tape. The Kapton tape affects the SMES magnet structure, which 
causes the energy capacity to be slightly different.  
 
4.4.2 Charge/discharge delay and joule heat 
 
The Roebel cable does not have any insulation on each strand. Therefore, the current in the 
HTS tape have turn-to-turn current sharing and therefore, a small amount of current will go 
through the substrate in the HTS tape to other strands. The substrate is made of copper or 
silver, which has a relatively high resistance than the superconducting layer. An equivalent 






Figure 4-9 Equivalent circuit for Roebel cable pancake 
Due to each strand in the Roebel cable not being insulated, there will be a small parallel 
connected equivalent resistance and equivalent capacitance in the Roebel cable pancake coil, 
which is caused by the superconductor substrate being next to the other substrate. This 
makes the electrical circuit in the Roebel cable SMES more complex. For the charge/discharge 
process, the current will flow to the parallel resistance, which can cause a SMES 
charge/discharge delay [198]. Moreover, the current flowing in the turn-to-turn resistance 
can generate joule heating. Previous research has used the Roebel cable to build high field 
magnets and accelerator magnets [186, 187]. For those two high field magnet applications, 
the current in the Roebel cable magnet was constant during the operation time. However, for 
SMES applications, the SMES magnet will be frequently charged and discharged to meet the 
power demand from the power system. The frequent charge/discharge cycling will cause the 
HTS equivalent self-inductance to have a high impedance, which results in more current 





generate more joule heating in the SMES magnet. The generated joule heat will increase the 
HTS temperature, which can cause the HTS to quench. 
Therefore, for the Roebel cable SMES design, the non-insulated strands in the Roebel cable 
can cause current sharing, which makes the Roebel cable generate more joule heat. The high 
joule heat results in a heavy load for the cooling system and it may damage the HTS material 
when the cooling power cannot eliminate the joule heat generated. 
 
4.4.3 Discussions of mechanical stress for Roebel cable SMES 
 
The Roebel cable has an uneven surface, which makes the mechanical forces unevenly 
distributed in each strand. Single strand YBCO tape can withstand a compressive stress of 
approximately 700 MPa [199]. The Roebel cable can only withstand compressive stress of 
approximately 45 MPa without any significant degradation of the critical current (less than 
2%). Roebel cable will be permanently damaged after high transverse stress. M. Park’s 
research [200] shows that the 629 kJ solenoid SMES magnet inner pressure can reach 
53.3 MPa, which is higher than the 45 MPa limit of the Roebel cable. Accordingly, the Roebel 
cable SMES critical current will degrade in this 629 kJ SMES design. The weak mechanical 
stability of the Roebel cable limits the design and application of large size Roebel cable SMESs 
due to the large size SMES magnet that has a high background magnetic field and high current 
capacity, which causes high Lorentz force to be applied on the superconductor surface.  
On the other hand, due to Lorentz force, an alternating background magnetic field caused by 
the SMES charge/discharge cycles will repeatedly exert pressure on the Roebel cable. The 
Lorentz force will loosen the Roebel cable pancake coils winding in the SMES after a number 
of charge and discharge cycles.  
For now, one solution to enhance the Roebel cable’s mechanical stability is to apply an 
impregnation method to support each strand in the cable to ensure its mechanical integrity. 
Using Epoxy with fused silica, impregnated Roebel cable can improve the mechanical integrity 
[201]. For a Roebel cable without impregnation, the critical current will reduce when the 





when the Roebel cable is with impregnation. However, the critical current will decrease 20%-
25% when adding epoxy to the Roebel cable. 
 
4.4.4 Discussions of manufacturing difficulty for Roebel cable SMES 
 
Regardless of the difficulty of impregnating epoxy into the Roebel cable, another 
manufacturing difficulty is to build the power junction between the current lead and the 
Roebel cable in the SMES magnet according to the Roebel cable critical measurement results. 
There are two commonly used power joint connection methods used by Roebel cable 
researchers. One method is to use one transposition length of Roebel cable tinned with solder 
and subsequently soldered to a copper block. This method has a large contact area, which will 
have a lower contact resistance [181]. Another current lead soldering method is the “Top-
only” method. This method uses silver foil at both ends of the Roebel cable, which are then 
laminated together with solder. Solder joints on the Roebel cable are shown in Figure 4-10, 
which is because the area is relatively flat [202, 203].  
 
Figure 4-10 Soldering points for the top-only method [50] 
The advantages of the top-only method are the current can evenly distribute on each 
insulated strand and the current on each strand can be measured. However, both of these 
methods needs at least half the transport length of the Roebel cable to make the power joint. 
That means the power joint in the Roebel cable SMES magnet will be large, which needs more 
space in the SMES magnet.  
Moreover, due to the multi-strand structure of the Roebel cable, the Roebel cable power joint 
can be considered as several single HTS tape parallel connections to the current lead. That 






Therefore, for Roebel cable SMES applications, a new Roebel cable connection must be made, 




The Roebel cable SMES has the advantages on low AC losses and high power density. The high 
power density makes the Roebel cable SMES have more potential applications in power 
systems and the low AC losses of the Roebel cable SMES can increase the SMES system’s 
efficiency. However, the Roebel cable withstand stress and strand-to-strand current sharing 
are two problems that need to be solved. Impregnating epoxy is one solution to increase the 
maximum withstand stress. Moreover, the epoxy can also increase the strand-to-strand 
impedance, which is adequate for decreasing the stand-to-strand current sharing. 
Furthermore, a new power joint connection method needs to be developed for the SMES 
magnet application, since the power joint needs a shorter length of Roebel cable and lower 
impedance power joint. 
In conclusion, the Roebel cable SMES has high power density and low AC losses , which shows 
the outstanding potential for applying in power systems that need high power density and 
fast response speed. But there are still some manufacturing problems that need to be solved 
such as epoxy impregnation and power joint manufacturing. 
Therefore, for the SMES-battery HESS application for microgrids, a conventional YBCO tape 
SMES magnet is chosen to be applied in the HESS. After the SMES magnet structure is 
designed, the HESS control method need to be developed. Without a proper control method 










Chapter 5 Fuzzy logic energy management method 





The SMES integrates with batteries to build the SMES-battery HESS for power system 
applications, which is the primary purpose for the SMES magnet design. The performance of 
the HESS can be guaranteed by applying a well-designed SMES magnet and appropriate 
control method. Therefore, after the SMES magnet design has been studied, the energy 
management control method for the HESS needs to be researched to establish a robust HESS 
for the microgrid applications.  
Power unbalancing is one critical problem during the operation of a microgrid. When a 
microgrid is disconnected from the main grid, the energy storage system is responsible for 
compensating for the power differences between the load demand and the distributed 
generators power output in a microgrid. Both the load demand and the distributed 
generations’ power output have high uncertainty and are highly fluctuating, which makes the 
power demand from the energy storage system highly fluctuating. One critical problem is to 





In this chapter, the fuzzy logic control method is proposed to control the SMES-battery HESS 
to compensate for the power unbalancing in microgrids, which has the advantages of SMES-
battery HESS high power density and fast response speed. The energy management 
methodology must be designed to take advantage of the characteristics of different energy 
storage systems, to achieve the effective combination of applying the SMES-battery HESS in 
microgrid systems. The SMES-battery HESS has the advantages of the SMES high power 
capacity and fast response speed. Moreover, the battery compensates for the disadvantage 
of the SMES low energy capacity. The proposed energy management method should be able 
to prevent the battery suffering from a high fluctuating power demand to extend the battery’s  
lifetime. In this chapter, the fuzzy logic energy management method is proposed to deal with 




The microgrid has been proposed in recent years. A microgrid usually consists of a group of 
distributed renewable generation sources such as PV panels or wind turbines, located in the 
same area, which are subsequently connected into the utility grid. Moreover, a microgrid is 
also able to operate independently. Microgrid electric power security becomes more and 
more important in microgrid applications. For example, renewable generation has fluctuating 
power output caused by weather changes (wind speed, sun irradiance, etc.), which is 
uncontrollable. Moreover, the renewable generation highly penetrated power system has 
low inertia, which increases the risk of power system collapse. The power demand in a 
microgrid has high uncertainty. Therefore, power unbalancing in a microgrid is one important 
problem that needs to be solved to guarantee electric power security. Power unbalancing 
results in a high fluctuating power demand for the energy storage system in a microgrid. 
The energy storage system has been proposed to deal with fluctuating power demands in the 
power system. B. Dunn et al. [104] have proposed to use a battery only system to deal with 
highly fluctuating power unbalancing in microgrids. However, the highly fluctuating power 





Therefore, some other kinds of energy storage systems have been proposed to hybridise with 
batteries to constitute a HESS. The supercapacitor [204, 205] and SMES [7, 206] are two fast 
response energy storage devices that can be used to hybridise with a battery. Compared with 
the supercapacitor, the SMES has a longer service lifetime and less environmental pollution 
[207, 208]. In this study, the SMES and battery HESS will be discussed for microgrid 
applications. 
 
Figure 5-1 Filtration energy management method 
The fast response energy storage device deals with the high-frequency power demands and 
the battery deals with the low-frequency power demands. The filtration method has the 
advantage of extending battery service lifetime [20, 125, 209]. However, the sizing design and 
the cut-off frequency design for the filtration method is difficult because it highly depends  
upon system power demand. If the cut-off frequency is too low or the SMES size is too small, 
the SMES can be easily fully charged/discharged. If the cut-off frequency is too high or the 
SMES size is too large, SMES-utilization becomes inefficient. 
In this study, the fuzzy logic control method is proposed to apply for the SMES-battery HESS, 
to deal with fluctuating power demands for the energy storage system. The fuzzy logic control 
methodology is based on human knowledge and the main purpose of the proposed method 
is to extend the battery service lifetime. Moreover, the proposed control algorithm considers 
the state-of-charge (SOC) of the fast response energy storage device. When the SMES is about 
to be fully charged/discharged, the battery will contribute more towards the power demand.  





the battery dealing with the fluctuating power demand directly. Battery sizing design is not 
considered in this research. Previous research shows that reducing the number of battery 
charge/discharge cycles extends battery service lifetime [145, 146]. Therefore, by reducing 
the number of battery charge/discharge cycles, the battery service lifetime will be extended. 
 
 
5.2 Introduction of fuzzy logic controller 
 
The fuzzy logic controller is composed of a fuzzification part, decision making part and a 
defuzzification part [210]. The input data is processed by the fuzzification part into a suitable 
linguistic value. The fuzzification part has a different number of fuzzy levels. The large number 
of fuzzy levels can increase the input resolution, which improves the accuracy of the controller. 
The decision making part includes the designed rules and database, which is used to generate 
the fuzzy values. The designed rules and database are based on the designer’s knowledge and 
experience, which makes the fuzzy logic controller more intelligent and easier to achieve a 
specific design target. The defuzzification part is used to convert the fuzzy value from the 
decision making part to a real value, which the energy storage system can subsequently use 







Figure 5-2 Scheme diagram of the fuzzy logic controller. 
 
5.2.1 Fuzzification part in fuzzy logic controller 
 
The fuzzification part uses the collected data from the system to convert the values so that 
the decision making part can recognize them. The triangular shape fuzzification module is 
selected in this study. The fuzzification part classifies the input values to some linguistic value 
such as BIG, SMALL, ZERO, VERY BIG, VERY SMALL. The fuzzy values are generated by the 
fuzzification part, which is based on the input and fuzzy levels. The example fuzzy levels, 
shown in Figure 5-3, are five different fuzzy levels: negative big (NB), negative small (NS), zero 
(ZE), positive small (PS), and positive big (PB). Take input value three for example, the output 
fuzzy values are  μ1,PS  and μ1,PB  after the fuzzification part. All the input data need to go 






Figure 5-3 Fuzzification part in the fuzzy logic controller 
 
5.2.2 Decision making part in fuzzy logic controller 
 
The decision making part is based on a logic table. The table is built by the designer. The rules 
are based on the designer’s knowledge and experience. The logic table describes the 
relationship between the logic outputs and fuzzy inputs. The fuzzy logic table is described by 
linguistic terms.  
 
5.2.3 Defuzzification part in fuzzy logic controller 
 
The defuzzification part is to combine the fuzzy value from the fuzzification part and the 






Figure 5-4 Defuzzification part in the fuzzy logic controller 
yijk  is the fuzzy output value, which will be used to generate the output values. The output 
value yo for three input parameters can be calculated by: 
 yo =
∑ i ∑ j ∑ k min{μ1i(x1)∙ μ2j (x2) ∙ μ3k (x3)} ∙ yijk
∑ i ∑ j ∑ k min{μ1i(x1)∙ μ2j(x2) ∙ μ3k (x3)}
 5-1 
 
Where i, j, and k are input parameters. 
 
5.3 System description for SMES-battery HESS in 
microgrid 
 
The designed system is shown in Figure 5-5. The system contains renewable power 
generations (PV panels, wind power electric generators), the power grid, residential loads and 
a SMES-battery HESS. The power demand for the HESS is given by the power difference 
between the loads and the power generations. For the HESS power system, a three-phase 
transformer is used to decrease the voltage level of the HESS. The SMES and batteries are 





link and the transformer to achieve the power exchanges between the HESS and the grid. In 
this study, the distribution network voltage level is 380 V. 
 
Figure 5-5 System scheme of the SMES-battery HESS in microgrid 
 
5.4 Fuzzy logic controller design for HESS energy 
management 
 
In this design, the fuzzy logic controller is used to coordinate the SMES and battery power 
output to compensate for the power demand in the microgrid. Moreover, the new control 
method needs to extend the battery service lifetime. According to previous battery lifetime 
research, frequent charge/discharge cycles will accelerate a battery’s attenuation [211, 212]. 
The controller needs to prevent the SMES from being fully charged/discharged. When the 
SMES is fully discharged, if the system needs power from the HESS, the battery needs to 
compensate for the high fluctuating output power demand. The same as when the SMES is 
fully charged, the battery may suffer high fluctuating power demands, which is not good for 





can shift the power demand for the battery and SMES, to prevent a situation where only the 
battery energy storage system can deal with fluctuating power demands.  
The control rule is based on a ‘trial and error’ method to control the battery power output 
[213, 214]. The rest of the power demand is supported by the SMES. Therefore: 
 
 PSMES = Pdemand − Pbattery  5-2 
 
In this control method, the controller is used to control the battery charge/discharge gradient, 
which can reduce the battery power output fluctuation. The battery power output can be 
calculated by: 
  




 Pb(k) = Pb(k−1) + Pb_change(k)  5-4 
 
 
Where the battery power output changes at time k  is Pb_change(k)  and the fuzzy logic 
controller output is Pfuzzy_out(k) at time k. 
The SMES SOC is also considered in the fuzzy logic energy management method as input 2. 
The third input provides information concerning the previous output power changes of the 
battery. Input 3 is given as: 
 





The control configuration of the fuzzy logic controller is shown in Figure 5-6. 
 
Figure 5-6 Control scheme of the fuzzy logic controller 
The three inputs are the power demand from the power system. ΔP means the change of 
battery output power. 
The fuzzy logic controller is based on the following logic: 
 The sum of SMES and battery power output should meet the power demand of the 
HESS. 
 A situation where only the battery deals with the high fluctuating power demand 
needs to be prevented. This is because the fluctuating power demand can decrease 
the battery service lifetime. To prevent this from happening, the energy management 
method should avoid the SMES from being fully charged or discharged.  
 The battery power output relates to the SMES SOC percentage and the power demand 
from the power system. That is because the rate of the SMES SOC has the advantage 
on representing the ability of the SMES to deal with the power demand rather than 
using the amount of energy that remains in the SMES. Moreover, the percentage of 
SMES can be applied to different sizes of SMES systems. 
 To prevent the battery from having a high fluctuating power output/input, the energy 
management method is to control the battery power output changes rather than 
directly control the battery power output. 





1. If the SMES has a low SOC, the batteries need to make more contribution 
to the power output, to prevent the SMES from being fully discharged. 
2. If the SMES has a high SOC, the SMES is requesting to provide a high power 
output to decrease battery power output, which is to extend battery 
service lifetime. 
 When the power system needs to inject the power to the HESS: 
1. If the SMES has low SOC, the SMES deals with the high amount of power 
and the battery slowly gets charged. The low power charging helps extend 
battery service lifetime.  
2. If the SMES has high SOC, the SMES is allocated low charging power, to 
prevent the SMES from being fully charged, which means the SMES cannot 
deal with the fluctuating power demand. The battery absorbs the rest of 
the power from the power system. 
Three inputs of the fuzzy logic controller have five fuzzification levels, which are: negative big 
(NB), negative small (NS), zero (ZE), positive small (PS) and positive big (PB).  
When three inputs are NB (as shown in red in Table 5-1), that means the system power 
demand is less than the battery power output in the last second (input 1: NB); the SMES SOC 
is at a relatively low level (input 2: NB); if the battery power output changing rate is same as 
the last second, the battery power output will be higher than the power demand (input 3:NB). 
Therefore, according to the control logic, the battery discharging rate change should decrease 
dramatically to let the battery power output meet the power system demand. The SMES is 
used to deal with the power differences between the power demand and battery power 
output.  
When three inputs are NB,NB,NS (as shown in blue in Table 5-1), that means if the battery 
power output changing rate is same as last time, the battery output power will be slightly 
higher than the power demand (input 3: NS). Therefore, the battery will sl ightly decrease its 
discharging changing rate and allow the SMES to absorb more energy due to the SMES’s low 
SOC. Therefore, the power shifting can be achieved by using more of the energy in the SMES. 





Table 5-1 Fuzzy rules in fuzzy logic controller 
 
Input 1 NB NB NB NB NB NB NB NB NB NB NB NB NB NB NB 
Input 2 NB NB NB NB NB ZE ZE ZE ZE ZE PB PB PB PB PB 
Input 3 NB NS ZE PS PB NB NS ZE PS PB NB NS ZE PS PB 
Output NB NM NS ZE PS NM NS ZE PS PM NB NM NS ZE PS 
                
Input 1 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
Input 2 NB NB NB NB NB ZE ZE ZE ZE ZE PB PB PB PB PB 
Input 3 NB NS ZE PS PB NB NS ZE PS PB NB NS ZE PS PB 
Output NM NS ZE PS PM NS ZE ZE ZE PS NM NS ZE ZE PS 
                
Input 1 ZE ZE ZE ZE ZE ZE ZE ZE ZE ZE ZE ZE ZE ZE ZE 
Input 2 NB NB NB NB NB ZE ZE ZE ZE ZE PB PB PB PB PB 
Input 3 NB NS ZE PS PB NB NS ZE PS PB NB NS ZE PS PB 
Output NS ZE ZE PS PM NS ZE ZE ZE PS NM NS ZE ZE PS 
                
Input 1 PS PS PS PS PS PS PS PS PS PS PS PS PS PS PS 
Input 2 NB NB NB NB NB ZE ZE ZE ZE ZE PB PB PB PB PB 
Input 3 NB NS ZE PS PB NB NS ZE PS PB NB NS ZE PS PB 
Output NS ZE ZE PS PM NS ZE ZE ZE PS NM NS ZE PS PM 
                
Input 1 PB PB PB PB PB PB PB PB PB PB PB PB PB PB PB 
Input 2 NB NB NB NB NB ZE ZE ZE ZE ZE PB PB PB PB PB 
Input 3 NB NS ZE PS PB NB NS ZE PS PB NB NS ZE PS PB 





The control performance will be better if the input parameters are divided into a higher 
number of levels, but that also increases the energy management method complexity. The 
fuzzy output has seven different levels, which are: negative big (NB), negative medium (NM), 
negative small (NS), zero (ZE), positive small (PS), positive medium (PM) and positive big (PB). 
The NB and PB are the overreaction of the SMES-battery HESS to prevent the SMES from being 
fully charged/discharged. 
The fuzzy level boundaries for the three inputs and one fuzzy output are dependent on the 
power system size and the HESS power demand ranges. A case study of the proposed method 
dealing with the fluctuating power demand is described in the following case study. 
 
5.5 Fuzzy logic applied in power system 
 
The novel fuzzy logic energy management method is valued for taking both the power 
demand and the SMES SOC into consideration to extend battery service lifetime. A case study 
was conducted to prove the validity of the new energy management methodology. 
A numerical model has been built in Matlab/Simulink. To simplify the simulation model, only 
the power flows in the power system will be considered in this chapter. The simulation uses 
the proposed fuzzy logic energy management method to allocate the power output for the 
battery and SMES, to compensate for the power demand in the power system. The HESS is 
designed to compensate for the power difference of the loads and the power supply. The 
simulation model is shown in Figure 5-7. In this simulation, a 100 MJ SMES magnet is applied 
in the SMES-battery HESS. A 1 GJ SMES magnet is been designed by H Hayashi et. al [215]. 
Therefore, a 100 MJ SMES magnet is achievable. In this research, the SMES size is determined 














Figure 5-8 Simulation model for fuzzy logic energy management method verification (part 2)  
 
The high fluctuating power demand for the HESS is shown in Figure 5-9 . This data is processed 
by the wind speed from one wind farm near London to represent the generation part of the 
system. The power demand in the microgrid is highly fluctuating to represent loads in the 






Figure 5-9 Power demand for the SMES-battery HESS 
Based on the system size and the power demand ranges, the fuzzy levels for the fuzzification 






























Figure 5-10 Fuzzification levels in the fuzzy logic controller 
 





The fuzzification and defuzzification levels are designed based on the designer’s knowledge 
and experience. 
The fuzzy rules 3D output relationship surfaces for the three inputs are shown in Figure 5-12, 
Figure 5-13 and Figure 5-14.  
 
 






Figure 5-13 3D relationship surface of input 1 and input 3 
 
 






5.5.1 Fuzzy logic HESS compared with battery only system 
 
Compared with a battery only system in the microgrid, the battery power output is shown in 
Figure 5-15. Due to the battery being the only energy source to compensate for the power 
demand, the battery energy storage needs to compensate for all the power demand from the 
microgrid. 
 
Figure 5-15 Battery power output of the battery only system in microgrid 
The charge/discharge cycling is one crucial aspect to evaluate battery service lifetime. The 
frequent charge and discharge of a battery can accelerate battery attenuation. A battery only 
system needs 146 charge and discharge cycles to compensate for the highly fluctuating power 
demand from the microgrid.  
 
5.5.2 Fuzzy logic HESS compared with filtration method HESS 
 
The filtration method is one conventional control method for the hybrid energy storage 































































































































































The battery power output performance by using the filtration method from time 400 s to 450 
s and from time 800 s to 850 s are shown in Figure 5-18. 
 
 
(a)                                                                                       (b) 
Figure 5-18 Battery performance by using the filtration method: (a) 400 s to 450 s; (b) 800 s to 850 s 
 
The filtration method has difficulty shifting the power demand. Therefore, at time 420 s to 
440 s and time 810 s to 830 s, the battery is required two charge/discharge conversions, which 
are caused by the variation trend of the microgrid power demand. On the contrary, the fuzzy 
logic method aims to take more usage of the energy in the SMES. When the SMES has 
sufficient energy, the power demand is mainly dealt with by the SMES, which results in the 
battery having less charge/discharge conversions.  
A comparison of the charge and discharge cycles for the newly proposed fuzzy logic method, 






















































Figure 5-19 Battery charge/discharge cycle analysis 
With the new proposed fuzzy logic control method applied in the HESS, the battery only has 
three charge and discharge cycles. The SMES is a benefit to decrease the battery 
charge/discharge time, which is a benefit to extend battery service lifetime. 
The newly proposed fuzzy logic method has the advantage of saving the power demand by 
considering the SMES SOC and battery output power. Compared with the conventional 
filtration method, the fuzzy logic control method reduces the charge/discharge cycle by 40%, 
which is significantly important on battery service lifetime extension. In microgrid 
applications, power demand for the energy storage system is always suffering frequent 
charge and discharge cycles. For the filtration method, the battery will have the same trend 
on charge and discharge with power demand for the energy storage system. However, with 
the proposed fuzzy logic control method, the SMES power output can prevent frequent 
charge and discharge cycles, which can be seen from 750 s to 850 s. The filtration method 
requests three charge/discharge conversions for the battery. The fuzzy logic method only 
requires one battery charge/discharge conversion during that time. The changing 
































microgrid applications. Therefore, the proposed method has the advantage of decreasing 
battery charge and discharge cycles, which helps battery lifetime extension. 
The proposed fuzzy logic control method also has the advantage of stabilizing the battery 
output power. As can be seen from the battery power output by using the filtration method 
and the newly proposed fuzzy logic control method, the fuzzy logic has more stable output 
power than the filtration method from time 10 s to 50 s, 100 s to 230 s and 1000 s to 1180 s, 
etc. The charge/discharge changing rate is one important factor to evaluate the battery power 
output changes. The battery power output changing rate comparison is shown in Figure 5-20: 
 
Figure 5-20 Battery power output changing rate comparison 
The stable power output can help extend battery service lifetime [132, 216, 217]. By using the 
newly proposed fuzzy logic method, the battery power output becomes more stable, which 
because the battery has less than 0.03 MW/s output power changes on 71% of the battery 
operation time. Therefore, the proposed fuzzy logic control method can also be used to 





In conclusion, the proposed energy management method has the advantage of decreasing 
the battery output power fluctuation for the SMES-battery HESS to deal with the high 
fluctuating power demands in microgrids. Moreover, the proposed method can effectivity 
reduce battery charge and discharge cycles, and save the power demand for the battery by 
allocating more power output for the SMES. The case study shows that the fuzzy logic method 




The improvement of battery service lifetime is one of the key advantages of the proposed 
SMES-battery HESS. In this study, a new 75 level fuzzy logic energy management method has 
been proposed to control the HESS to deal with long-term fluctuating power demands. The 
SOC of the SMES is firstly considered in the control method as one input parameter. The 
proposed energy management method shows good performance constraining the battery 
power output than the commonly used filtration method. 
This study discussed the HESS energy management method for microgrids to deal with long-
term power demand fluctuations. For microgrid applications, a microgrid disconnection from 
the main grid is another inevitable process for microgrid applications. The next chapter will 
introduce a new control method to control the short-term performance of the HESS when a 










Chapter 6 Two-stage energy management control 
methodology of the HESS for a microgrid 




The previous chapter introduced a new fuzzy logic control method for the SMES-battery HESS 
to deal with power unbalancing in microgrids. In this chapter, one new two-stage energy 
management control method will be developed. The proposed method is used to control the 
SMES-battery HESS to compensate for the load power demand when a microgrid disconnects 
from the main power grid. Different from chapter 5, which studied the long-term response of 
the HESS, the control method proposed in this chapter is used to control the HESS during 
microgrid decoupling from the main grid. The proposed method has the advantages of the 
SMES fast response speed and high power density. The new method allows the battery to 
have a longer response time to increase the power output, which can be used to extend the 
battery service lifetime. With the combination of fuzzy logic control to deal with power 
unbalancing in the microgrid and the two-stage method to control the HESS when the 
microgrid connect/disconnect from the main grid. A comprehensive control algorithm for the 





The newly proposed two-stage control methodology with novel PI-droop control shows good 
performance stabilising the HESS power output and improves battery output performance. 
To the author’s best knowledge, no published papers have studied the SMES-battery HESS 
response for a microgrid decoupling scenario. Therefore, the proposed method is important 




The microgrid concept is gaining popularity to electrify remote areas and support the energy 
to islands [218, 219, 220]. The DC microgrid has gained more attention due to the rise of DC 
power sources and energy storage applied in microgrids, e.g., PV, battery, fuel cells, etc. [221, 
222, 223]. DC power systems typically have higher efficiencies than AC power systems [224]. 
Moreover, compared with an AC network, a DC system does not need to be concerned about 
system synchronisation, system harmonics and reactive power [225, 226, 227]. In a microgrid 
system, the energy storage devices are integrated into the system to compensate for the load 
power demand when disconnected from the main grid. If only a battery energy storage 
system is applied in a system, when a microgrid is disconnected from the main power grid, 
the instantly increasing power demand from the battery energy storage system will 
accelerate the battery lifetime attenuation. Therefore, the SMES is proposed to be integrated 
into a system to build a SMES-battery HESS due to the benefits that the SMES has a short 
response time and high power output capacity. Moreover, both the SMES and the battery are 
DC energy storage devices, which can directly be integrated into a DC power system.  
Previous researchers [56] have studied the SMES-battery HESS applied in microgrids to deal 
with long-term power demand fluctuations. The energy storage system implemented in a 
microgrid has been studied in previous studies [219, 228, 229], with most of these studies 
focusing on the energy storage system dealing with long-term fluctuating power demands. To 
the author’s best knowledge, there are no published papers focusing on the short time 
response process of the HESS when a microgrid disconnects from the main grid. When a 





microgrid. Therefore, the energy storage system needs to provide instantaneous high power 
when the main grid is disconnected from the microgrid. As discussed previously, the SMES 
has the advantage of fast response time and high power density, which are ideal for dealing 
with fast increasing power demands. However, it is too costly to build high energy capacity 
SMESs for microgrid applications. Therefore, a battery is applied with the SMES to build a 
HESS, which has the added benefit of the high energy capacity of a battery.  
A proportional-integral controller is composed of a proportional part and an integral part. A 
PI controller is a control loop feedback mechanism controller, which is commonly used in 
industrial control systems. PI control is mostly applied to a liner system where the dynamic 
character does not vary with time. A PI controller to control a system is based on the 
proportional parameter and integral parameter designed in the PI controller. For the PI 
controller, the controller collects the data from the system and compares it with the 
predefined reference values to get the error signal (value) for calculation. The error signal 
goes through the PI controller to get the output of the system, which aims to reach the 
reference value of the system. The result of the controller output can be calculated by: 
 





Where Kp is the proportional term, Ki is the integral term and e(t) is the difference between 
the measured value and the reference value at time t. The control scheme is shown in Figure 
6-1. 
 





Because the PI controller output only depends on the measurement variable, not on the 
knowledge base, the controller is broadly applicable. By changing Kp and Ki, the controller 
performance can be changed. Furthermore, the PID controller is easy to design once the 
designer decides the performance of the controller. However, it has a high requirement of 
the system and the control parameters can only be designed after the system is decided. 
In the new proposed control method, the PI controller is used to control the SMES to stabilise 
the load voltage. Due to the battery power output continuously changing and the PI controller 
only considering the difference between the reference value and the input data, PI control is 
an ideal controller to control the SMES. 
Droop controllers are first proposed to control the synchronous generator for the prime 
mover. In recent years, the droop controller has been introduced to control the energy 
storage systems in the power system. The droop control can control the energy storage 
system output without communicating with other devices to stabilize system voltage. 
Moreover, the droop controller can coordinate different energy storage systems’ power 
output effectively to compensate for the power demand in the microgrid. In this study, the 
proposed method uses the droop controller to coordinate the SMES and the battery power 
output. The droop coefficient design is the critical point for the droop controller design. The 
droop controller input and output relationship can be represented by Figure 6-2. 
 












A droop controller is easy to design but has a lack of flexibility. A droop controller is a linear 
controller, which means the controller cannot effectively control a system when the system 
parameters change. 
In the new proposed control method, a droop controller is only used to control the battery 
power output and the SMES is used to compensate the rest of the power demand for the 
HESS by using PI controller to stabilize the DC bus voltage in the PI-droop control method. The 
droop controller makes the overall control strategy easier to design and achieves better 
battery output performance.  
In this study, a novel two-stage energy management method with PI-droop control is 
designed and tested in Matlab to control the SMES-battery HESS, to compensate for the 
power demand when a microgrid disconnects from the main grid. The proposed method 
focuses on controlling the response process of the SMES-battery HESS. 
 
6.2 New proposed two stage energy management method 
with PI-droop control 
 
Compared with previous researchers, which use the SMES-battery HESS to deal with high 
fluctuating power demands in the power system [27, 230, 231] (the fluctuating demand is 
only up to 10% of the system power demand), the SMES-battery HESS is used to compensate 
for the power demand in isolated grids, which need to support 100% of the power demand 
in a small system. Therefore, the research in this chapter will be different than other kinds of 
voltage fault researchers work. The energy management rules for the HESS controller need 





management method can not only keep the power system stable but also extend the BESS 
service lifetime. The new proposed method has the advantages of the SMES fast response 
speed, long service lifetime and high power density. Moreover, the microgrid load may 
change, which makes some controllers such as the droop controller not work effectively due 
to system configuration changes. Therefore, the author proposes a new two-stage energy 
management method with PI-droop control for the SMES-battery HESS to keep the system 
stable and extend the battery service lifetime.  
The control scheme of the new two-stage energy management method is shown in Figure 6-3. 
 
Figure 6-3 Control scheme of the new two-stage energy management method 
As shown in Figure 6-3, when the system is connected to the grid, the controller controls the 
SMES and BESS to charge to their rated energy capacities. After the HESS is at rated energy 
capacity, the HESS switches to standby mode, which results in no power exchanges between 
the HESS and the main grid. When a microgrid is decoupled, a voltage drop will appear on the 
load side. When a voltage drop occurs, stage one works to collaborate the SMES and battery 





power output at the beginning to deal with the instant high power demand from the 
microgrid. The battery output power slowly increases, which makes the SMES output power 
decrease. This method is able to reduce the battery discharging rate and allows the BESS to 
have a longer response time when a voltage drop occurs. If the SMES is fully discharged and 
the BESS power output cannot sufficiently compensate for the power demand of the 
microgrid, stage two starts to function. The reason stage one may not work effectively may 
be caused by load size changes. The HESS charge state and discharge state are discussed in 
the following sections. 
 
6.2.1 HESS charge state control methodology 
 
In previous SMES-battery HESS research, most of the control methodologies charge the SMES 
and battery in the HESS with unfixed power such as using PI controller [27], droop controller 
[56] or filtration method [125]. The unfixed power injected into the HESS can cause the power 
system be unstable. That is because when the HESS gets charged, the HESS acts like a high 
power load in the system. The unfixed power input makes the power demand for the power 
system change too quickly. In this new method, to keep the power system stable and enhance 
the robustness of the HESS, the power demand for the HESS charging state is designed to be 
constant.  
 
6.2.2 Two-stage discharge control method 
 
The two-stage discharge control methodology only works when a load side voltage drop 
occurs. One of the advantages of the proposed method is it reduces the discharging rate for 
the battery in the SMES-battery HESS. The proposed control method has two stages and each 
stage has a different purpose for the HESS to compensate for the power demand from a 
microgrid. Stage one starts to operate when a voltage drop on the load side occurs and the 
main purpose of stage one is not only to deliver enough power to the loads but also to extend 





when the SMES is fully discharged and the battery power output, by using the stage one 
control, cannot fully compensate for the load power demand in a microgrid. 
 
6.2.2.1 PI-droop discharge method for the two-stage control methodology 
  
The control of the SMES and battery in the SMES-battery HESS, to compensate for the load 
demand, is the main issue in this research. Moreover, the control method needs to consider 
the different characters of different energy storage devices. Based on previous battery 
lifetime research, a low discharging rate can extend battery service lifetime [232, 233, 234]. 
In this application, the power demand requires a fast response from the HESS. Therefore, the 
controller controls the SMES to deal with the fast-changing power demand, which allows the 
battery to have a longer response time to achieve the requested power demand. In stage one 
of the two-stage energy management method, the SMES is used to stabilise the load voltage 
and the battery output power is controlled by the energy remaining in the SMES. 
In stage one, the PI controller is used to control the SMES to stabilise the load voltage. The 
reference parameter for the SMES PI controller, PISMES , is the load voltage. The battery 
output power keeps increasing due to the energy remaining in the SMES decreasing. The 
SMES compensates for the rest of the power demand apart from the battery power output. 
This method makes the new control system have the advantage of low complexity and 
prevents the battery from a surge increasing the discharging rate. For the SMES-battery HESS, 
either only use the PI control or just use the droop control, which needs a complex calculation 
to coordinate the controller for the battery and SMES. In this two-stage method, the 
controller coefficient design is much easier due to the combination of the PI controller with a 
droop controller. The controller coefficients design is discussed in section 6.5.3. The control 






Figure 6-4 Stage one control scheme with PI-droop control 
The droop controller control scheme for the battery energy storage system is shown in Figure 
6-5. The battery power output can be obtained by: 
 





Where Esmes _max  is the SMES rated energy capacity, Esmes  is the energy remaining in the 








Figure 6-5 Droop controller in the proposed method 
The battery output power is determined by the energy remaining in the SMES. To achieve the 








Where Ebat_ref  is the allocated battery output power and Vbat is the battery terminal voltage. 
If the SMES is not fully discharged, the energy management method for the battery energy 
storage system is droop control. The droop control parameter for the battery droop controller 
is the ratio of the energy remaining in the SMES, which can be represented by 









6.2.2.2 Stage two control method for the two-stage energy management method 
 
The stage two control method only starts to operate when the SMES is fully discharged and 
the battery output power, using the stage one control method, cannot compensate for the 
power demand. In stage two, only the battery energy storage system is able to deliver the 
power to the power system. Therefore, the DC/DC converter boost mode is operated. In boost 
mode [235], the battery power output rating is the maximum battery power output rating. 
The primary purpose of the stage two control method is to stabilise the load voltage. 
Therefore, the stage two control method is used to guarantee the HESS robustness when the 
system size changes.  
 
6.2.3 Droop coefficient design for the PI-droop controller 
 
Battery manufacturers normally provide an optimal discharge rate for their batteries. An over 
range charge/discharge current rate for a battery can accelerate a battery’s degradation. 
Therefore, for the droop coefficient design, the designed battery maximum output current 
Iout_max  for each battery should be smaller than the optimal current discharge 
limitation Iout_lim : 
 
 Iout_max ≤ Iout_lim 6-5 
 
In this study, the BESS in the SMES-battery HESS should be able to provide enough power to 
a microgrid when disconnected from the main grid. The maximum power consumption of a 
microgrid Pload_max is determined by the system configuration. The BESS maximum power 






 Pbat_max = Vbat ∙ Iout_max ≥ Pload_max  6-6 
 
Where Vbat is the battery sets terminal voltage. The droop controller is a linear controller, 
which makes the battery power output linearly increase. By considering the energy 
consumption of the microgrid, the droop coefficient k in the droop controller for the battery 





2 ∙ Esmes _max
 6-7 
 
Where the load demand  Pload_max  and SMES energy capacity Esmes _max  are given in the 
system. Therefore, the droop coefficient can be calculated. 
 
6.3 Sizing design for the SMES and battery in the HESS 
for the two-stage energy management method 
 
The energy storage system size of both the SMES and the battery are crucial. The designed 
HESS system should be able to deal with instantaneous high power demand when the system 
disconnects from the utility grid. Moreover, to support the long-term power demand, the 
BESS size in the HESS should also be considered. Due to the new proposed control algorithm 
of the system, the sizing design is different from the previous HESS sizing methodologies [132, 
236, 237, 238]. In this study, a new sizing design method has been proposed to fit the newly 
proposed two-stage energy management method. The new sizing design method has the 
advantages of less complexity and is also able to guarantee the reliability of the system due 
to the two-stage energy management method. 
The sizing design is one of the most critical parts in this HESS research. The oversizing design 





cause a HESS to not be able to meet the system demand. The SMES and battery in a HESS 
should be able to meet the system power and energy requirements. In conclusion, three 
specifications for the SMES-battery HESS will be applied in the sizing design: 
 The SMES maximum output power Psmes_max  should larger than the microgrid 
maximum power demand  Psystem_max : 
 
 Psmes _max > Psystem_max  6-8 
 
 The battery energy capacity should be able to compensate for the long-term power 
demand of the microgrid. 
 The energy capacity of the SMES should be large enough to support the microgrid 
before the battery output power can adequately compensate for the power demand 
from the microgrid.  
 
6.3.1 Battery sizing design for the SMES-battery HESS 
 
For the HESS to compensate in microgrid power demand applications, the battery size is 
designed by the microgrid maximum power demand Psystem  and the designed HESS 
withstand time T. The withstand time is the time duration for the HESS to compensate for the 
power demand for the microgrid. The energy capacity of the SMES is much smaller than the 
BESS. Therefore, for the battery sizing design study, the SMES energy capacity is negligible. 
The battery energy capacity Ebat  can be calculated by: 
 









6.3.2 SMES sizing design for the SMES-battery HESS 
 
The proposed PI-droop control methodology can adequately simplify the SMES sizing design 
process. In the proposed method, the SMES is used to relieve the battery output from 
instantly increasing the high power demand from the power system.  
For the appropriate HESS sizing design, the SMES is able to handle the power demand before 
the battery energy storage is able to compensate for the microgrid power demand. The SMES 
size for the proposed control method can be calculated by: 
 









The battery discharging rate is designed to be γ [W∙s-1],which should be smaller than the 
battery maximum discharging rate. The SMES size can be calculated by: 
 


















6.4 Power system configuration for the two-stage energy 
management method 
 
The proposed power system configuration is shown in Figure 6-6. The main grid connection 
to the microgrid is through a grid interface converter. The SMES-battery HESS is connected in 
parallel to the distribution network. The reasons to use a DC microgrid is that a DC grid does 
not require synchronisation with the utility grid and also does not have reactive power. 
Moreover, a DC microgrid is suitable for integrating with the SMES-battery HESS due to the 












6.5 Case studies 
 
In this research, two case studies have been carried out to simulate two operating conditions 
during microgrid operation. Case one is the normal operating condition of the microgrid and 
the power demand in the microgrid is the normal operating power demand when the 
microgrid is decoupled. Case two is used for the microgrid with unexpected load demands  
added in the microgrid. The proposed method is to control the HESS to keep the bus voltage 
stable and improve battery performance to improve the battery service lifetime. 
  
6.5.1 Case one: Microgrid with rated power demand 
 
This case study is carried out in this section to test the new proposed energy management 
method. In this case, the normal operation of the SMES-battery HESS to deal with the 
microgrid decoupled is researched. The comparison of the proposed method with the 
commonly used filtration method has been done.  
The simulation model is built in Matlab/Simulink to demonstrate the performance of the 
SMES-battery HESS with the proposed two-stage method. The overall system configuration is 
discussed in section 6.7. The proposed energy management method controls the SMES 
chopper and the battery DC/DC converter to achieve the requested power exchange of the 
energy storage system with the microgrid. In the simulation model, a microgrid with 334 kW 
power demand is applied. The microgrid bus voltage is 380 V. The designed battery 
discharging rate is 56 kW/s. According to the sizing design, which is discussed in section 6.6, 
the SMES size is 0.98 MJ. The power demand of the SMES-battery HESS is shown in Figure 6-7, 
which shows that the main grid is disconnect from the microgrid at 2 s. Moreover, the 
microgrid bus voltage is also shown in Figure 6-7, which shows the proposed method can fully 






Figure 6-7 Bus voltage and power demand for the HESS 
 
The battery power output and the SMES power output are shown in Figure 6-8. The battery 
power output steady increases to achieve the 334 kW, which meets the power demand from 
the microgrid. The fast response energy storage device SMES is used to compensate for the 
rest of the power demand before the battery fully compensates for the power demand from 





















































Figure 6-8 Battery power output demand and SMES power output demand 
A comparison of the proposed method with the filtration method is shown in Figure 6-9 and 
Figure 6-10. The battery power output demand for the filtration method and the proposed 
method are shown in Figure 6-9. The battery power output of the filtration method increases 
fast when the voltage drop occurs. The highest discharging rate for the filtration method is 
uncontrollable, which means the filtration method may cause the discharging rate to exceed 
the battery’s maximum discharging rate. Moreover, compared with the proposed method, 
the filtration method requires higher maximum battery power output, which will accelerate 
battery attenuation. According to the battery performance results, the battery overcharges 
the system from 8.6 s to 17.2 s using the filtration method. To keep the microgrid stable when 
the battery overcharges the system, the SMES requests to absorb the overcharged energy. 
The overcharge of the battery decreases the efficiency of the HESS and also accelerates 
battery attenuation. Furthermore, the filtration method requests a longer time for the battery 
to reach the requested power output. The proposed PI-droop method only needs 5.99 s to 
stabilise the power output and without the battery being overcharged. By using the filtration 






























the requested power demand. The proposed PI-droop method does not overcharge the 
system and can quickly stabilise the battery power output to the requested power from the 
microgrid. 
 





































Figure 6-10 SMES power output demand for the filtration method and the proposed method 
The discharging rate analysis for the two methods is shown in Figure 6-11. The HESS by using 
the PI-droop method has a fixed battery discharging rate, which is 55.80 kW/s. However, the 
filtration method has a variable discharging rate. The highest discharging rate for the filtration 
method is 78.46 kW/s, which is 141% of the PI-droop method. The higher discharging rate 
also accelerates battery attenuation. The negative discharging rate shows that the filtration 
method needs a long time to adjust the battery power output to meet the power demand 




































Figure 6-11 Battery discharging rate analysis for the filtration method 
Figure 6-12 compares the discharging rates verses time between the filtration method and 
the new proposed PI-droop method. The filtration method request 17.05 s to adjust the 
battery power output, while the PI-droop method only needs 5.99 s. By using the two-stage 
method, the battery output stabilisation time is shorter, which is good for system voltage 
regulation. After the HESS can compensate for the microgrid power demand, the HESS is able 
to switch to the mode (such as fuzzy logic method described in chapter 5) to stabilise the 






Figure 6-12 Discharging rate analysis of the filtration method and the proposed method 
The battery performance by using two different control methods are summarized in Table 6-1. 
Table 6-1 Battery performance by using two different control methods 
 
 Two-stage method Filtration method Novel two-stage 
method compared with 
filtration method 
HESS response 
time until battery 
reach required 
power output   
5.99 second 17.05 second 




334 kW 348.435 kW 





55.8 kW/s 78.47 kW/s 






Therefore, according to the study above, the new proposed PI-droop method has the 
advantages of high system robustness, high reliability and fast response duration. These 
advantages are beneficial to extend the battery service lifetime and compensate for the 
power demand from the microgrid. In this case, the PI-droop method decreases the battery 
power output by 4.3% and shortens the HESS response speed from 17.05 s to 5.99 s. 
Moreover, the battery maximum discharging rate decreases by 29%. The low discharging rate 
and low maximum discharge power helps to extend battery service lifetime. Furthermore, the 
fast response time helps enhance the system security and reliability.  
 
6.5.2 Case two: Microgrid with excessive power demand 
 
Case two researched the SMES-battery HESS performance when some unexpected load was 
added to the microgrid, which makes the microgrid power demand higher than the designed 
power. The proposed method not only needs to control the battery performance but also 
needs to stabilise the bus voltage. In this situation, a 380 kW power demand is applied for the 
HESS. The battery maximum discharging power rating for the battery energy storage system 
is 120 kW/s (in real applications, the discharging rate is much higher than 120 kW/s. In this 
study, however, the low maximum discharging rate can show the performance of the battery 
response process when working in stage two). The simulation of the battery power output 






Figure 6-13 HESS power output demand by applying two-stage method for the microgrid with 
excessive power demand 
For case two, when the microgrid switches to isolation mode, stage one starts to operate. The 
SMES has a high power capacity, which is used to stabilise the power demand to the 
requested demand. The battery power output is controlled by the stage one control and is 
working at a 72.85 kW/s discharging rate. At time 6.67 s, the SMES is fully discharged and the 
battery output power cannot adequately compensate for the power demand from the 
microgrid. Therefore, stage two starts operating to stabilise the microgrid power demand. 
From time 6.67 s, the HESS is working in stage two mode, which is the battery DC/DC 
converter boost mode. The output power is dependent on the battery energy storage 
system’s maximum output power changing rate. The HESS power output reaches  380 kW at 
7 s. If the battery energy storage system in the HESS has a higher maximum discharging rate, 
the battery output power climbing time will become shorter when working with stage two 
control.  


































Table 6-2 Simulation result for the microgrid with excessive power demand 
Time working at stage one    4.667 s 
Time working at stage two    0.333 s 
Stage one discharging rate    72.85 kW/s 
Stage two discharging rate    120 kW/s 
Microgrid voltage unstable time    0.333 s 
Maximum power shortage    39.96 kW 
 
The microgrid voltage becomes unstable, which is caused because the HESS not able to deliver 
enough power to the microgrid. Because the SMES is fully discharged, the SMES cannot 
support any power output. The battery power output does not reach the required power 
demand. Therefore, a voltage dip occurs for a short time (0.33 s in this study) until the battery 
is able to deliver the required power to the system. During the time the HESS is working in 
stage two, the battery is operating at its maximum discharging rate and trying to meet the 
microgrid power demand as fast as it can. The maximum power shortage during the microgrid 
decoupling is 39.96 kW, which is approximately 10% of the overall power demand from the 
microgrid. 
For the same HESS capacity to deal with the excessive power demand, the SMES and battery 









Figure 6-14 HESS power output demand by applying filtration method for the microgrid with 
excessive power demand 
 
Due to the power demand changes, the filtration method cannot work properly to 
compensate for the power demand. That is because the cut-off frequency of the filtration 
control controller is fixed for the normal operating condition and not suitable for different 
power demands. When the microgrid is disconnected from the main power grid, the HESS, 
using the filtration method, can keep the voltage stable for the first 3.58 s. However, after the 
SMES fully discharged, the battery is requested to support most of the power demand from 
the microgrid, which causes the microgrid bus voltage to be unstable for 2.97 s. In this study, 
the maximum power shortage is 117.16 kW, which is 31% of the microgrid total power 
demand. 


































Table 6-3 Comparison of the two-stage method and filtration method 
 
The filtration method cannot compensate for the microgrid power demand for 2.97 s, which 
is 791% longer than the proposed two-stage method. Moreover, the higher power shortage 
of the filtration method can cause a more severe voltage drop in the microgrid. Therefore, 
the proposed two-stage control method is more suitable for microgrid applications to 
guarantee microgrid voltage level and improve battery performance.  
As can be seen from the results, the two stage method can normally operate to support the 
microgrid. However, the conventionally used filtration method is not capable of supporting 
the demand, which is because the pre-set value does not match the system demand. When 
some edge cases happen such as unexpected load added in the system, the conventional 
method is not able to support the system with stable voltage. Therefore, the two-stage 




The improvement of the battery power output performance is one of the key advantages of 
the proposed two-stage PI-droop control method. In this study, the PI-droop controller is 
applied in the two-stage control methodology to control the HESS performance when only 
the HESS supports the power demand in a microgrid. In this case, the two-stage PI-droop 
control is able to decrease the battery maximum output power by 4.3% and decrease the 
battery maximum discharging rate requirement by 29%. Furthermore, the proposed method 
 Two-stage method Filtration method 
Time duration of battery 
working at maximum power 
output  
0.333 second 2.97 second 
Maximum microgrid power 
shortage 
39.96 kW 117.16 kW 
Microgrid voltage unstable 
time 





can shorten the HESS response process from 17.05 s to 5.99 s. When a microgrid demand 
unexpectedly increases, the proposed method is able to compensate for the power demand, 
which the conventional HESS control method is not able to achieve. The new method shows 
better performance on controlling the battery power output than the commonly used 
filtration method. 
After the control method for the SMES-battery HESS in the microgrid operation has been 
designed, it is essential to test the system achievability. Therefore, the SMES-battery HESS 
experimental platform needs to be established to examine the proposed control method and 
sizing design feasibility. A lab-scale experiment needs to be done before the HESS is applied 










Chapter 7 Design and test of the SMES-battery 




The SMES magnet design for the SMES-battery HESS experimental platform was studied in 
chapters 3 and 4, which informs the HESS experimental platform setup. The HESS control 
method was investigated in chapters 5 and 6, which will be applied in the microgrid 
application. In this chapter, the SMES-battery control circuit topology and the experimental 
platform will be researched. At the end of this chapter, a lab-scale SMES-battery HESS 
experimental platform, which has been established to represent the SMES-battery HESS in a 
microgrid application, will be presented. The designed SMES magnet is used in the 
experimental platform and the proposed two-stage control method, described in chapter 6, 
will be applied to test the HESS achievability. However, due to the magnet energy capacity of 
the SMES being too small to deal with a fluctuating power demand, the fuzzy logic control 











As has been previously discussed in chapters 5 and 6, the SMES-battery HESS shows great 
potential for power system applications, as it can deal with power fluctuations, compensate 
for voltage drop and provide system frequency regulation, etc. However, no previous  
research in the literature has built a SMES-battery HESS experimental platform to test its 
reliability. In this research, one novel point is that the author firstly uses a real SMES system 
integrated into the SMES-battery HESS to test the system’s reliability and achievability. A 
semi-active control topology [132, 239] and a full-active control topology [240] have been 
proposed to control the SMES-battery HESS. However, no research has compared the 
reliability of these two control topologies. Therefore, in this research, the semi-active control 
topology and the full-active topology have been compared using the experimental platform. 
AM Gee et al. [240] have conducted experimental work using a conventional copper inductor 
with a battery to represent the SMES-battery HESS in an AC system. However, in the 
experiments, the author found that the copper inductor was incapable of representing the 
SMES in the HESS system. The copper inductor had a high resistivity and added high noise into 
the power system. Moreover, the ohmic losses also decreased the energy capacity of the 
copper inductor. Therefore, a conventional chopper cannot adequately represent the real 
SMES in the HESS. For this reason, a real SMES integrated into the HESS is crucial for the HESS 
feasibility verification.  
 
7.2 SMES-battery HESS topology design 
 
The SMES-battery HESS topology design is the foundational part of the HESS application. The 
semi-active and full-active control topologies have been proposed to control the SMES-
battery HESS for power system applications. The semi-active topology for the SMES-battery 





SMES magnet charge/discharge cycles and the battery is directly connected to the DC bus. 
Therefore, the semi-active control topology has the advantage of less use of electrical 
components. The semi-active circuit structure has been proposed for supercapacitor-battery 
HESS control [132, 239] and SMES-battery HESS control [126]. However, no previous research 
has built an experimental setup either for the semi-active or full-active control topologies. 
The battery is directly connected to the DC bus, which means the DC bus voltage is regulated 
by the battery terminal voltage. Therefore, in the semi-active control topology, the battery 
input/output power is uncontrollable. 
 
(a)                                                          (b) 
Figure 7-1(a) Semi-active topology and (b) full-active topology 
In the experimental test platform, the semi-active control topology cannot effectively control 
the battery power output and affected the DC bus voltage. This is because the battery 
terminal voltage will slightly change under different battery states of charge. When the 
battery is fully charged, the battery terminal voltage is slightly higher than the rated terminal 
voltage and when the battery is fully discharged, the terminal voltage is much lower than the 
rated terminal voltage. The battery terminal voltage variation leads to DC bus voltage changes, 
which is not allowed in the power system. 
Therefore, to achieve more advanced control of the hybridised system, the full-active control 
topology is advised to be used for the SMES-battery HESS. The full-active control topology is 
shown in Figure 7-1(b). The full-active control topology includes a bi-directional DC/DC 
converter for the battery to achieve the controllable power exchange between the battery 





In this study, the full-active control circuit has been built and tested. The semi-active circuit 
has a difficulty with maintaining the DC bus voltage due to the battery charge/discharge cycles 
affecting the battery terminal voltage which will not be used in this research [241, 242]. The 
full-active topology has the advantage of controllable power exchange between the energy 
storage systems and the power system. Therefore, the full-active control topology is applied 
to the SMES-battery HESS experimental platform. 
 
7.3 Experimental platform preparation 
 
7.3.1 SMES magnet preparation 
 
In this research, the SMES is designed to be applied in the cryocooler in our lab. However, 
because of the sealing problem of the container, the cryocooler in our lab is not able to cool 
down the SMES magnet to 50 K. Therefore, the SMES will work in a liquid nitrogen bathed 
environment (working temperature approximately 77 K). The self-made SMES magnet is used 
in the HESS and the SMES magnet parameters are shown in Table 7-1.The measured SMES 
critical current is 42 A. According to the SMES magnet critical current calculation, described 
in chapter 3, the calculated SMES critical current at 77 K is 46 A, which is hig her than the 
measured value. The critical current mismatch is caused by the winding process of the SMES 
coil. In future studies, the rest of the superconducting coils used in the 2.5 kJ SMES magnet 
will be wound using a winding machine. For safety reasons and also low joule losses in the 
SMES magnet, the SMES rated current is approximately 80% of the critical current, which is 









Table 7-1 SMES magnet parameters 
 
 
7.3.2 SMES chopper design 
 
The SMES chopper is designed to control the SMES magnet charge and discharge cycles. The 
SMES magnet needs continuous current flowing in the SMES magnet to store the magnetic 
energy. Therefore, the SMES chopper needs to build the closed loop for the current flowing 
in the SMES magnet. The electrical circuit for the SMES chopper is shown in Figure 7-2. Three 
states of the SMES chopper are described in the following sections. 
 
Figure 7-2 SMES chopper charge, discharge and standby 
Inner radius      45 mm 
Outer radius      73 mm 
Turn to turn distance      3 mm 
Critical current      42 A 
Working current      33 A 
Inductance      14.65 mH 






7.3.2.1 Charging mode: 
 
The charging mode only works when the controller requests the SMES to absorb energy. In 
this situation, the current path in the SMES is shown in Figure 7-2. In this mode, IGBT 1 and 
IGBT 2 in Figure 7-2 are switched on to charge the SMES from the DC bus. 
Applying Kirchhoff’s voltage law (KVL), the SMES charge state can be represented by: 
 
 U − L
dI(t)
dt
− I(t)R l = 0 7-1 
 
Where U is the DC bus voltage, L is the inductance of the SMES magnet, R l is the equivalent 
self-resistance of the SMES magnet (which is mainly caused by the resistance of the power 
junctions in the SMES magnet), and I(t) is the current in the SMES magnet at time t. 
Assuming that the initial current in the SMES magnet is  Io, the instantaneous current in the 
SMES magnet can be represented by: 
 











In this study, the inner resistance of the SMES magnet is neglected, which means that R l ≈





t × D + Io 7-3 
 











7.3.2.2 Discharging mode 
 
The current flow for the discharge mode is shown in Figure 7-2. For the discharging mode, 
IGBT 1 is off and the controller controls the duty cycle of IGBT 2 to achieve the desired output 
current Iref.  





+ I(t)R l + I(t)R = 0 7-5 
 
Assuming the initial current in the SMES is  Io , the current in the SMES at time t can be 
represented as: 
 
 I(t) = I0 exp [−




Therefore, when the duty ratio for IGBT 2 is D, Eq. 7-6 can be simplified as: 
 
 I(t) = I0 exp −


















As can be seen from Eq. 7-8, the relationship between the SMES discharge duty ratio and the 
SMES output power are not linear. In this research, a PI controller is used to control the IGBTs 
for SMES discharge. 
 
7.3.2.3 Standby mode 
 
When the SMES does not need to exchange power from the power grid, the chopper needs 
to operate in standby mode to keep the power stored in the SMES. Due to the feature of the 
SMES, the chopper needs to frame an electrical closed loop to maintain the current flowing 
in the SMES magnet. The current path for the standby state is shown in Figure 7-2, which only 
requires IGBT 1 to be constantly held off and IGBT2 to be constantly held on. 
In this study, the SMES chopper design, as shown in Figure 7-2, is used to control the SMES 
magnet in the lab-scale experimental platform. 
 
7.3.3 Bi-directional DC/DC battery converter 
 
Bi-directional DC/DC converters have the advantages of being able to track battery current 
capacity, high robustness and high efficiency [236, 243]. The battery DC/DC converter is 
shown in Figure 7-3. 
 





When the system charges the battery, the IGBT4 constantly off and change the duty cycle of 
IGBT3 to charge the battery. The IGBT3 Keeps off and change the duty cycle of IGBT4 to 
discharge the battery. 
 
7.3.4 HESS control loop design 
 
7.3.4.1 Control board design 
 
The control board is an essential component of the experiments. The PCB control board needs 
to integrate the gate drive module, digital signal processor (DSP), voltage measurement 
module and current measurement module. A TDK-Lambda KMS40-5 AC/DC converter is used 
to support the power for the whole PCB board. The AC/DC converter can only support a 5V 
DC voltage. Therefore, NMK0515SAC, LM3940IMP-3.3 and REF3025 DC/DC converters are 
used to convert the 5 V to 15 V DC, 3.3 V DC and 2.5 V DC, respectively, to supply the 
measurement module, DSP, gate drive module and OP-amp on the control board. The block 
diagram of the PCB design is shown in Figure 7-4.The PCB design is shown in Figure 7-5. The 
photo of the control board used in the experiment is shown in Figure 7-6. 
 












Figure 7-6 Control board in the experiment 
 
7.3.4.2 TSM320F28335 microcontroller  
 
The TSM320F28335 microcontroller, as shown in Figure 7-7, is used to implement the 
designed control algorithm and generate a physical PWM signal to control the IGBTs in the 
SMES chopper and battery DC/DC converter. The software is based on C programming 
language, which is easy to program. In the power application study, only limited modules are 






Figure 7-7 TMS320F28335 microcontroller board 
 
7.4 SMES-battery HESS in lab-scale microgrid 
experimental platform setup 
 
The experiments are a powerful tool for verification of the proposed SMES-battery HESS 
applied in the power system. In some respects, the simulations are easier to achieve. However, 
the accuracy of the power module in the numerical simulations needs to be validated. To 
some extent, the real-time experiments are more convenient than the numerical simulations. 
Furthermore, some experimental faults cannot be simulated in the numerical model, which 
makes the experimental study more important to verify the feasibility of the proposed 
method. However, it is a challenge to build a real domestic power system with a HESS involved 
in the laboratory environment at the University of Bath. Therefore, a lab scale microgrid with 











In this study, the SMES and battery HESS were built, as discussed previously, by using the full -
active control topology. The TSM320F28335 was used in the experimental platform to control 
the HESS. The effectiveness of the experimental platform was analysed as follows: 
 Verify the achievability of the SMES-battery HESS, which builds the foundation of 
further applications in the power system. 
 The programmable microcontroller can program in different control methodologies  
and test the designed method in the lab. 
 The experimental platform is isolated, which does not affect the main grid safety. In 
the future, the new proposed control method will be applied in this experimental 
platform first to test its robustness. It can also make sure that the new method is 
secure when applied in the power system. 
 The main contribution of this study is the design of the HESS concept and the power 
sharing method of the SMES and battery energy storage system. The lab scale 
experimental platform is the small-scale power system, which also shows the 
achievability of the SMES and battery hybridisation can be applied in the power 
system. 
 Test the control method of coordinating two different types of energy storage systems. 
(The SMES is a current source energy storage system and the battery is a voltage type 
energy storage system.) 
 The newly built HESS system is highly modular. By adding different external  electrical 
circuits with the HESS, the experimental platform can create different faults in the 
microgrid system to test the performance of the HESS under different scenarios. 
Therefore, it is essential and reasonable to establish the SMES-battery HESS experimental 
platform. The platform can be used to study the SMES-battery HESS’s ability to deal with 
different faults. Furthermore, the programmable controller can apply different control 









7.5 SMES-battery HESS in lab scale microgrid application  
 
A two-stage method with PI-droop control is programmed into the TMS320F28335 
microcontroller to test the control method described in chapter 6. The control method and 
research background have been previously discussed in chapter 6. 
In this case study, the SMES-battery HESS is applied in the DC microgrid to verify the new 
proposed two-stage control method for the voltage drop application, as discussed in chapter 
6. The external electrical circuit used to create the DC voltage drop is added in the SMES-
battery HESS, as discussed in section 7.4. To the author’s best knowledge, there has been no 
published literature on any experimental work related to an SMES-battery HESS experimental 
platform. The experimental structure for the HESS to deal with voltage drop applications is 
shown in Figure 7-9. The LAB/SMS5300 programmable DC power source is used to represent 
the main power grid, and the high power resistive load represents the load in the system. The 
microgrid disconnection process is created by the programmable DC power source. As 
discussed previously, the control algorithm is applied in the microcontroller TMS320F28335 
to control the SMES chopper and battery DC/DC converter.  
 





A National Instruments (NI) data acquisition card is used to collect measurement data of the 
load voltage, SMES current, battery current output and battery terminal voltage.  
In this case study, the SMES initial current is zero and the battery is at its rated energy capacity. 
The controller starts to charge the SMES when the DC bus is at the rated value. After the HESS 
is at its rated capacity, the HESS turns into standby mode. When the microgrid is disconnected 
from the main grid (a voltage drop appears on the load), the two-stage control method is 
applied for the HESS to charge the DC load and keep the DC bus voltage stable. Moreover, 
SMES charge mode modification were made for the HESS control during the experimental 
study. 
 
7.5.1 SMES charge state modification 
 
In the previous SMES-battery HESS investigations in the literature, most of the researchers 
charged the HESS with unfixed input power such as using PI control [27], droop control [56] 
and the filtration method [125] to charge the HESS. These methods charge the SMES and 
battery with unfixed power. However, during the experimental study, it was found that the 
unfixed power injected into the HESS can cause system bus voltage fluctuation. That is 
because the HESS is acting as a high-power load when it is charged. The high fluctuating power 
demand of the energy storage system causes the power system to become unstable. 
To make the power system stable and to enhance the power system’s robustness, a new HESS 
charging methodology has been developed. The new control method charges the HESS with 
a fixed power. Therefore, the HESS is charged by the fixed power and is equivalent to a fixed 
load in the power system.  
In this study, once the SMES magnet get charged from fully discharged mode, the SMES 
current is charged to  slightly higher value than the designed operating current but lower than 
the SMES magnet critical current. This is used to help the quench detection in the future study. 
Because resistance will appear on the SMES magnet when the quench happens. The higher 
current makes the voltage across the quench point has higher voltage which helps the quench 





The new proposed method is applied in the new proposed two-stage method for the 
microgrid application. The simulation results and control algorithm have been previously 
discussed in chapter 6. 
 
7.5.2 Experimental results 
 
7.5.2.1 Case one: SMES-battery HESS response for the microgrid decoupled 
 
The real time operation of the experimental HESS is aiming to test the full-active control 
topology of the SMES-battery HESS system’s performance and the new proposed control 
algorithm. The experiments can also test the sizing design of the two-stage method for the 
microgrid disconnection process application. 
To test the SMES-battery HESS performance, one whole cycle response of the SMES-battery 
HESS to deal with microgrid connection and disconnection from the main grid was 
investigated with the SMES and battery charged by the power system when the system 
connects to the main grid. When the HESS is at its rated energy capacity, the HESS turns into 
its standby mode. When the system detects that a voltage drop occurs, which means that the 
microgrid has disconnect from the main grid, the two-stage method is applied to compensate 
for the voltage drop. When the microgrid reconnects to the main grid, the SMES and battery 
get charged by the modified charge control methodology to its rated energy capacity. 
Moreover, the experimental results can be used to compare the simulation results and test 
the droop coefficient design. A properly designed droop coefficient value can make sure that 
the battery power output can adequately compensate for the load demand when the SMES 
is fully discharged. A short time power source disconnection is created by the programmable 
DC power source to represent the microgrid disconnection from the main grid. The 
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Figure 7-10 Experimental result for SMES-battery HESS to deal with one microgrid decoupling: (a) 




















































As can be seen from Figure 7-10, the voltage drop occurs at time 5.52 s. According to Figure 
7-10(a) and Figure 7-10(b), the HESS is able to compensate for the voltage drop when the 
voltage drop occurs. The SMES current and the battery output current are shown in Figure 
7-10(c) and 7-9(d). The SMES current is 33 A and the battery has no power output when the 
microgrid connects to the main grid. The SMES operating current is determined by the SMES 
magnet, which was measured in section 7.3.1. Moreover, the battery output current reaches 
the required output current to compensate for the power demand when the SMES is fully 
discharged. This shows that the drop coefficient design is successful, which is because the 
battery power output is constantly increased when the voltage drop occurs. The constantly 
increasing battery output current also matches the simulation results previously discussed in 
chapter 6. 
As can be seen from Figure 7-10(a), a small voltage ripple occurs when the HESS is working in 
its standby state. The small voltage ripple is approximately 0.2 V in this experiment. This is 
because the eddy current losses of the semiconductors in the SMES chopper decrease the 
energy stored in the SMES magnet. And the SMES magnet needs a small amount of power to 
be injected into the SMES, which is equivalent to a small amount of power demand of the 
power system frequently appears. The voltage ripple will be negligible when the SMES size 
increases. That is because when the SMES size increases, the eddy current losses consume a 
smaller percentage of power in the power system. 
 
7.5.2.2 Case two: SMES-battery HESS response for multi-times microgrid decoupled in long time 
duration 
 
In this study, different time durations of the microgrid disconnection cycle from the utility 
grid was studied. The experimental results are shown in Figure 7-11. This was to study the 
proposed HESS control method achievability in long-term operation. The main grid 
connect/disconnect time is random, which is used to simulate the operation of the microgrid 

















Figure 7-11 Experimental result for SMES-battery HESS deal with multi-times microgrid decoupling: 





As can be seen from experimental results, the SMES-battery HESS used to stabilize the bus 
voltage during the time the power source connect and disconnect from the microgrid. The 
microgrid islanded state operating time is randomly selected. From the beginning, the 
microgrid connect to the main grid and the SMES is fully charged and battery has no power 
output. When the bus voltage drop occurs, the HESS starts to discharge to keep the bus 
voltage at the rated value. When the main grid reconnect to the microgrid, the SMES get 
charged to 100% SOC to prepare for the next operation. At the time 17 second, the microgrid 
decoupled from the main grid. The HESS is able to support the bus voltage to the rated value. 
The experiment shows good performance on stabilizing the bus voltage and reliable 
performance for multi-times of microgrid decoupling process.  
In conclusion, this experiment applies three different power support disconnection durations  
to represent multi-times of microgrid connection/disconnection from the utility grid. The 
experimental results show that the proposed method is able to compensate for the power 
demand and stabilise the bus voltage for long term application.  
 
7.5.3 Comparison of the battery with/without SMES integrated for the 
microgrid decoupling application 
 
An experiment of a battery only system to compensate for the microgrid power demand was 
also conducted. The same DC voltage drop external circuit was used. The DC/DC converter 
boost mode control was applied in the microcontroller to control the battery DC/DC converter. 
The boost mode has the advantage of high robustness and is able to constrain the battery 
current output. 
The battery performance comparison of the HESS and BESS for the microgrid decoupled 






Figure 7-12 Battery current output performance for the HESS and battery only system 
According to the experimental results, the HESS with PI-droop control has a lower battery 
discharging rate compared with the battery only system when dealing with same power 
demand. Due to the SMES hybridisation, the battery in the HESS has 0.06 seconds more time 
to reach its rated current output. Moreover, the lower discharging rate also helps to extend 
battery service lifetime. Both the battery only system and the SMES-battery HESS reach the 
same power output, which is because the SMES is fully discharged and not able to support 
any power to the system. 
According to the comparison of the HESS and BESS, the HESS with the proposed two-stage 
control method has the advantage of a lower battery discharging rate, which can be used to 







































7.5.4 Result analysis 
 
The experimental results show that the SMES-battery HESS has the advantage of extended 
battery response time compared with the battery only system. Moreover, the battery 
maximum output power discharging rate also affects the microgrid security. For the battery 
only system, with a low maximum discharging rate, the battery energy storage system needs 
time to reach the microgrid power demand. During the time the battery output power is 
climbing, the energy storage system is not able to compensate for the microgrid power 
demand, which causes the microgrid voltage to become unstable and even potentially lead 
to microgrid collapse. For the SMES-battery HESS, the battery discharge current steadily rises 
to the rated current, which is because the SMES compensates for the power demand when 
the battery output current is increasing.  
The experimental results also show that the full-active topology is suitable for SMES-battery 
HESS applications. Moreover, the experimental result also show that the control method 
coded in the DSP is able to control the SMES-battery HESS.  
The experiment platform helps to verify the feasibility of the two-stage control method used 
in the lab-scale microgrid. This also proves the feasibility of the SMES-battery HESS using the 
microgrid to cope when the microgrid is decoupled. The experimental results show that the 
two-stage control method is able to stabilise the microgrid voltage and extend battery 
response time. With the SMES integrated into the microgrid, the SMES can prevent the 
battery from sudden output current changes and hence, extend the battery discharging 
response time for 0.06 seconds in the experiments, which is beneficial to extend battery 
service lifetime. The experiments of multiple microgrid connection/disconnection cycles from 
the main grid prove the proposed method is able to compensate for the power demand. 
Moreover, the experiments also prove the sizing design of the two-stage method is well 
designed. The experimental results show that the SMES is fully discharged when the battery 









In this chapter, the SMES-battery HESS control circuit has been investigated. The SMES-
battery HESS working in the DC network system has been built to test its reliability. Moreover, 
the control method proposed in chapter 6 has been verified on the experimental platform. 
The sizing design and droop coefficient have also been tested in the experiments. The 
experimental results show that the proposed method is able to handle the microgrid power 
demand when disconnected from the main grid and allocate different power demands for the 
battery and SMES. 
Moreover, this chapter also investigated the battery performance for the SMES-battery HESS 
and battery only systems. The results show that with the SMES hybridised, the battery has a 
lower discharging rate. The lower discharging rate and longer battery response time results 
in the battery having a longer service lifetime. 
In conclusion, the SMES-battery HESS has the advantage of extended battery service lifetime. 
The experimental platform built in this study investigated the reliability and controllability of 
the SMES-battery HESS. The full-active control topology was selected to control the HESS. 
According to the experimental results, the semi-active control topology was not able to 
control the SMES-battery topology. In further research, the HESS experimental setup can be 
applied to different applications by changing the external circuit connected to the HESS for 















This research is about the investigation of the SMES-battery hybrid energy storage system 
scheme for the SMES design, HESS system establishment, control method, and energy 
management method improvement for the microgrid application. Both the experimental 
platform and the numerical model have been built to test the proposed hybrid system with a 
novel method. The accomplished results are listed below: 
 
 The SMES magnet design is an important step for the SMES-battery hybrid energy 
storage design and manufacturing. In this study, as shown in chapter 3, an improved 
SMES magnet structure design process has been developed. The proposed method is 
able to design the SMES magnet with the required energy capacity for the HESS, 
demonstrated in case studies of 2.5 kJ and 0.9 MJ SMES magnet structure. The 2.5 kJ 
SMES magnet is intended to be used in the SMES-battery HESS experimental platform. 





be designed by the developed SMES magnet design method for alternative 
applications. 
 The increasing of the SMES power capacity is one key advantage of the SMES magnet 
design. In this study, the Roebel cable is considered to wind the SMES magnet to 
achieve a higher power capacity and a feasibility study of using the Roebel cable to 
wind the SMES magnet has been done as shown in chapter 4. The results show that 
even though the Roebel cable has a higher current capacity, the weak mechanical 
stability affects its application on the SMES magnet. Moreover, the Roebel cable 
power joint design is another difficulty for the SMES magnet manufacturing. Therefore, 
according to the feasibility research, the Roebel cable power joint connection and 
epoxy impregnation of the Roebel cable require further improvement before applying 
the Roebel cable into SMES magnet.  
 In chapter 5, using the fuzzy logic controller to regulate the power sharing between 
the battery and the SMES in the hybrid energy storage system has been developed in 
this thesis. The new method considers the power demand, battery output power 
changes and SMES SOC. The fuzzy logic controller controls the HESS based on the 
human knowledge and designers’ experiences to allocate the power sharing of the 
battery and the SMES. The proposed method has the advantage of preventing the 
situation of only the battery dealing with highly fluctuating power demand, spreading 
the response across the system. Moreover, the proposed method is able to control 
the battery with a more stable output. The fuzzy logic design rules are described in 
this thesis. To verify this method, a case study has been done to compare the proposed 
method with the filtration energy management method. The simulation results show 
that the proposed method has a better performance in enhancing the battery 
performance, extending the battery service lifetime. 
 In chapter 6, the two-stage energy management method with the new PI-droop 
controller is developed to control the SMES and battery HESS performance when the 
microgrid is decoupled. The proposed method has the advantage of improving the 
HESS performance when the microgrid switches to the islanded mode. The new 
approach combines the PI controller and droop controller to control the HESS to 
achieve better performance on stabilizing the load voltage. The simulation results 





discharge power and faster responding speed than the filtration method. This 
demonstrates that the proposed method has better performance on decreasing the 
battery attenuation process.  
 In chapter 7, the experimental platform of the SMES-battery HESS has been 
established to test the proposed HESS reliability and achievability. These experimental 
results show that the full-active topology is more suitable for the HESS control circuit 
compared with the semi-active control circuit topology. The proposed PI-droop 
control method is applied in the experimental platform and shows good performance 
on controlling the HESS. This experimental platform is very meaningful for the battery-
SMES hybrid energy storage applications, testing the performance of the designed 
control method before applying these control method into a real power system. 
 
8.2 Future work 
 
In the numerical simulation, the SMES is represented by the ideal inductance which means it 
has zero resistance and high inductance. However, this method is not accurate. Therefore, 
the detail device-level modelling of the SMES magnets needs to be done. The new SMES 
magnet model must consider the power joint resistance in the SMES magnet. Moreover, due 
to the current through the HTS, a small resistance appears which the new model must 
consider in the HTS characteristics. Due to the SMES frequent charging/discharging, the AC 
losses of the HTS will be generated. Combining the AC losses calculation with the power 
system application is another topic for the SMES applications.  
In the SMES-battery HESS experimental platform, the quench protection is very s imple. In 
further study, a detailed study of the quench detection and quench protection in the HESS 
experimental platform will be a novel point. The interaction between the quench protection 
method and HESS control method will generate innovative ideas about the HESS control 
strategy. Moreover, after the quench protection and detection method have been developed 
and tested, the SMES can be applied in the cryocooler to make the SMES have a lower working 





Moreover, by using the existing SMES-battery HESS experimental platform, more applications 
and novel proposed control methods can be represented in the lab. For example, the SMES-
battery HESS can be combined with a superconducting fault current limiter to cut faults in the 
DC network. When a fault happens, the SMES can absorb the fault current to make the DC 
breaker is able to cut off the faulted line. 
The HESS sizing optimization needs to be done in future studies. The optimization study needs 
to decide the best energy capacities of the SMES and the battery for different scales of power 
demands and system sizes. Moreover, it needs to consider the overall economic costs and 
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